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ABSTRACT 


Coatings  and  coating  systems  were  developed  for  protection  of  boron  and 
graphite  fiber  reinforced  plastic  composites  from  structural  damage  by 
lightning  strikes.  The  effectiveness  of  the  protective  capability  of 
the  proposed  coating  systems  was  tested  with  an  artificial  lightning 
stroke  consisting  of  both  high  current  and  high  coulomb  components.  The 
primary  criterion  of  a  successful  coating  was  the  capability  of  a  test 
panel  to  sustain  a  simulated  lightning  discharge  without  structural  dam¬ 
age  to  the  composite  substrate. 

Numerous  coatings  or  coating  systems  have  been  developed  and  evaluated. 
They  can  be  classified  into  the  following  general  categories:  continu¬ 
ous  metal  foils;  woven  metal  wire  fabrics;  knitted  metal  wire  mesh; 
plasma  and  flame  sprayed  aluminum;  metal  pigmented  paints;  and  nonmetal- 
lic  pigmented  paints  with  or  without  undercoatings.  Several  coating 
systems  show  protective  capability  with  aluminum  knitted  wire  mesh  and 
aluminum  woven  wire  fabric  considered  to  be  the  most  promising  coatings. 
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SECTION  I 


INTRODUCTION 


Natural  lightning  attachment  to  an  aircraft  is  not  an  improbable 
event.  Based  on  pilot  reports,  it  is  estimated  that  each  military  and 
civilian  aircraft  is  struck  an  average  of  once  a  year.  Since  little 
can  be  done  to  prevent  lightning  strike  attachment  to  aircraft,  protec¬ 
tion  techniques  have  been  developed  to  ensure  that  lightning  does  not 
adversely  affect  aircraft  flight  or  cause  excessive  maintenance  damage. 

The  lightning  protection  of  the  first  generation  of  aluminum  air¬ 
craft  was  relatively  uncomplicated.  The  basic  all-metal  riveted  air¬ 
frame  provided  inherent  shielding  that  adequately  protected  personnel 
and  equipment  from  the  detrimental  effects  of  lightning.  As  aircraft 
became  more  sophisticated,  lightning  protection  became  more  complex  due 
to  the  increased  use  of  nonmetallic  sections  such  as  radomes,  fairings, 
access  panels,  and  secondary  structur.n. 

Lightning  protection  for  these  nonmetallic  sections  evolved  over 
the  years  into  a  number  of  protection  schemes,  among  which  are  expend¬ 
able  metal  strips,  metal  or  carbon  black  pigmented  paints,  and  plasma 
or  flame  sprayed  aluminum.  All  of  these  techniques  depend  on  the  di¬ 
electric  integri  y  of  the  basic  panel  for  their  protection  effectiveness, 
and  therefore,  are  acceptable  for  conventional  homogeneous  dielectrics. 
Panels  or  aircraft  members  consistir.g  of  epoxy  matrices  structurally 
reinforced  with  boron  or  graphite  fibbts  ate  not  dielectrically  noiuu- 
geneous  and  for  that  reason  present  new  problems  in  lightning  protec¬ 
tion  . 


The  dielectric  integrity  of  high  modulus  composites  is  degraded 
due  to  the  highly  conductive  tungsten  core  of  the  boron  fiber  and  the 
high  conductivity  of  the  graphite  fibers.  When  laminated  in  a  plastic 
matrix,  these  conductive  fibers  are  in  close  proximity  to  one  another 
and  to  the  panel  surface  and  result  In  a  conductive  array  that  provides 
numerous  arc  breakdown  paths  which  shunt  lightning  currents  into  and 
through  the  panel.  Unless  precautions  are  taken,  lightning  can  cause 
large  holes  and  delaminations  at  the  attachment  point  and  may  create 
further  damage  as  the  lightning  currents  pass  through  the  composite 
structure.  Studies  by  General  Electric  and  the  Philco-Ford  Company 
have  indicated  that  several  amperes  of  pulse  current  through  boron 
fibers  can  cause  a  drastic  reduction  in  fiber  strength  without  evidence 
discemable  to  the  naked  eye.  High  levels  of  lightning  current  can  be 
expected  to  flow  through  fibers  that  are  not  protected  from  lightning. 

In  boron  epoxy  laminates  the  damage  m.echanism  is  primarily  filament 
breakage  while  in  graphite  epoxy  laminates  it  is  primarily  resin 
pyrolysis  at  the  fiber-matrix  interface. 

A  study  program  was  initiated  to  develop  coatings  or  coating  systems 
that  can  be  applied  by  conventional  techniques  to  the  exterior  surface 
of  boron  fiber  and  graphite  fiber  reinforced  plastics,  .such  that; 


1 


A.  The  coating  or  coating  system  will  minimize  or  eliminate  the 
damage  at  the  stroke  attachment  point. 

B.  The  coating  or  coating  system  will  provide  an  adequate  path 
for  lightning  currents,  thereby  preventing  the  flow  of  detri¬ 
mental  electrical  currents  into  the  plastic  matrix  or  its  re¬ 
inforcing  fiber. 

C.  The  coating  or  coating  system  will  be  resistant  to  moisture, 
fuels,  lubricating  and  hydraulic  oils  and  the  normal  environ¬ 
ment  of  operational  aircraft. 

Artificial  lightning  discharges  were  used  to  assess  candidate 
systems  for  their  protection  effectiveness.  The  investigation  was  con¬ 
ducted  in  the  following  phases: 

Phase  I  The  developmental  formulation  of  coatings  suitable  for 
potential  lightning  protection  of  boron  fiber  and 
graphite  fiber  reinforced  epoxy  plastic  composites. 

Phase  II  Preliminary  laboratory  evaluation  and  screening  of  the 
protection  offered  reinforced  plastics  from  lightning 
discharges  by  the  coatings  developed  under  Phase  1. 

Phase  III  Final  evaluation  of  the  most  promising  coatings  developed 
under  Phase  II. 


SECTION  II 


SUMMARY 


The  evaluacion  of  coatings  and  coating  systems  was  conducted  by 
directing  artificial  lightning  discharges  to  coated  composite  panels. 

The  composite  substrates  for  screening  purposes  were  6  x  12  inches,  five 
ply  laminates.  Final  lightning  test  evaluation  utilized  thicker,  1  foot 
square  laminates. 

The  lightning  discharge  simulator  consists  of  a  capacitor  bank,  a 
battery  bank,  and  associated  switching  circuits.  The  capacitor  bank 
with  a  total  capacitance  of  42  microfarads  rated  at  30  KV  is  composed 
of  eight  capacitors,  and  the  battery  bank  is  built  with  72  twelve-volt 
storage  batteries  in  a  series  and  parallel  configuration.  The  required 
test  discharges  are  generated  by  switching  the  two  banks  at  appropriate 
time  periods. 

Numerous  coatings  or  coating  systems  were  formulated,  developed  and 
tested.  Research  effort  involving  coatings  was  concerned  with  defining 
the  minimum  thickness  of  continuous  aluminum  foil  which  would  provide 
effective  lightning  protection  for  advanced  composites.  The  effects  of 
high  dielectric  strength  insulating  layers  on  metal  foil  coating  effec¬ 
tiveness  were  also  determined.  Other  coatings  were  rated  relative  to 
the  results  obtained  on  these  model  systems.  Coatings  have  been  found 
which  provide  protection  to  the  same  degree  as  comparable  thicknesses  of 
aluminum  foil.  High  dielectric  strength  insulating  layers  were  found  to 
improve  significantly  the  protective  qualities  of  most  coatings. 

.Several  studies  involving  metal  pigmented  paints  were  carried  out. 
Silver  and  specially  treated  copper  metal  pigments  provide  electrical 
conduction  by  particle-to-particle  contact.  These  provide  lightning 
protectiot.  to  composites  when  sufficient  coating  thicknesses  are  main¬ 
tained.  Other  metal  pigments,  such  as  aluminum  and  copper,  are  poor 
conductive  coatings  and  do  not  provide  lightning  protection  to  advanced 
composites.  These  coatings  will  provide  lightning  protection  for  glass 
fiber  reinforced  composites,  however. 

Nonmetallic  pigments  have  also  been  investigated.  Conductive  carbon 
blacks  are  not  substitutes  for  silver,  but  can  be  tailored  to  provide  a 
moderate  degree  of  lightning  protection;  these  systems  must  emplov  ex¬ 
pendable  metal  strips  in  conjunction  with  an  insulating  layer  bet..^-i  the 
composite  and  the  coating.  Other  paints  have  also  been  found  to  pr  '  Je 
lightning  protection.  These  are  unpigmented  and  pigmented  epoxy  sys-sms 
and  can  provide  excellent  protection  at  very  severe  discharge  levels. 

Plasma  and  flame  sprayed  aluminum  coatings  also  offer  efficient 
lightning  protection.  These  coatings  provide  continuous  metal  coverage 
of  the  composite  .surface  and  possess  excellent  electrical  properties. 

Higli  application  costs  are  associated  with  this  type  of  coating. 
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The  most  promising  coatings  employ  knitted  wire  mesh  or  woven  wire 
fabric  as  the  conductive  member.  Such  materials  are  easily  impregnated 
with  resin  and  can  be  incorporated  into  the  composite  at  the  time  of 
manufacture.  Aluminum  wire  has  been  found  to  be  the  most  suitable  for 
this  application  in  terms  of  its  light  weight  and  high  electrical  con¬ 
ductivity.  It  was  observed  that  materials  with  metal  densities  equiva¬ 
lent  to  1.5-mil  of  aluminum  provided  excellent  protection.  The  study  of 
large  open  area  wire  mesh  and  high  coverage  wire  fabrics  is  described. 
These  were  investigated  to  determine  the  effects  of  such  variables  on 
lightning  protection  characteristics. 

An  exploratory  development  effort  on  these  metal  wire  containing 
coatings  has  demonstrated  excellent  potential  for  these  systems.  Diffi¬ 
culties  remaining  to  be  overcome  are  limited  to  the  sources  and  cost  of 
Che  wire  materials  themselves.  It  can  be  confidently  predicted  that 
these  can  be  overcome  to  provide  an  excellent  lightning  protection 
scheme  inexpensively,  at  a  minimum  weight  increase  and  with  at  least 
the  environmental  c -aracteris tics  of  the  resin  matrix  of  the  composite. 

A  plan  to  provide  ‘.his  development  has  been  formulated. 

From  the  experimental  results,  it  is  found  that  only  the  composite 
panel  coated  with  fiiie  mesh  aluminum  fabric  provides  reasonable  electro¬ 
magnetic  shielding  capability,  and  it  can  be  extrapolated  that  Che  in¬ 
duced  current  on  a  single  boron  fiber  will  be  1.4  amp  or  less  and  on  a 
graphite  fiber  will  be  7  ma  or  less  at  a  200  KA  discharge. 


SECTION  III 


MATERIALS  AND  PROCESSES 


/ 

3.1  TEST  PANELS 

The  test  panels  employed  in  the  sireenlng  phases  of  this  study  were 
6-inch  by  12-inch  flat  laminates.  The  boron  fiber  and  graphite  fiber 
laminates  consisted  of  five  plies  in  an  alternating  0-90"  orientation. 
Nearly  all  panels  were  such  that  the  fibers  in  the  outer  ply  were  ori¬ 
ented  along  the  12-inch  direction.  In  addition,  two  unidirectional, 
five  ply  laminates  were  prepared.  These  contained  fibers  oriented  along 
the  12-inch  panel  dimension.  The  glass  fabric  reinforced  control  lamin¬ 
ates  were  constructed  from  thirteen  plies  of  181E  style  fabric. 

Final  screening  tests  employed  12-inch  square  flat  laminates.  These 
are  constructed  from  14  plies  of  graphite  in  a  0  ,  90,  0,  90,  0,  90,  0,  0, 
90,  0,  90,  0,  90,  0  orientation  or  16  plies  of  boron  in  a  0,  90,  0,  90, 

0,  90,  0,  90,  90,  0,  90,  0,  90,  0,  90,  0  orientation.  The  glass  fabric 
laminates  were  fabricated  from  13  plies  of  181E  style  fabric. 

3.1.1  Filament  and  Fiber  Reinforcement 

The  boron  filament  and  graphite  fibers  used  in  this  program  were 
supplied  by  the  Air  Force  Materials  Laboratory. 

The  boron  filament  employed  was  received  from  the  3M  Company  in  the 
form  of  a  prepreg  tape  witli  the  filaments  unidirectionally  oriented 
along  the  length  of  the  tape.  These  filaments  were  manufactured  by  the 
Hamilton  Standard  Division  of  United  Aircraft  Corporation.  The  filaments 
are  prepared  by  depositing  a  boron  coating  over  a  0.C005-inch  diameter 
tunsten  wire  substrate.  During  this  process  a  chemical  reaction  occurs 
and  portions  of  the  substrate  are  converted  from  tungsten  to  tungsten 
borides.  The  DC  resistivity  of  boron  filaments  is  2600  micro-ohm-cr,  (1). 
The  drawn  tungsten  wire  precursor  has  a  resistance  of  about  7  micro-ohm- 
cm  at  0.01-0.02  mm  diameter  (0.0005  inch  =  0.0127  mm)  (2),  Tlius,  the 
core  material  of  the  filaments  has  reacted  at  least  partially  with  boron. 
Microscopic  evidence  of  this  is  given  in  Section  3.2.  These  studies  liave 
also  shown  the  boron  filaments  to  be  somewhat  porous  and  non-uniform. 

"Thornel"  graphite  yarn  was  also  employed  as  a  high  modulus  rein¬ 
forcement.  Thornel  is  a  continuous  yarn  of  2-ply  con.s  truction  with  720 
filaments  per  ply.  The  average  filament  diameter  is  6.6  microns 
(0.00026  inch).  Typically,  these  fibers  had  a  tensile  modulus  of  50 
million  psi  (MSI),  although  iot-to-lot  variations  fromi  46.0  MSI  to  55.0 
MSI  were  observed.  High  modulus  carbon  based  fibers  of  this  modulus  have 
a  resistivity  of  about  1060  ni  cro-ohm-cm  (3). 

Style  181K  glass  fabric  was  employed  as  the  reinforcement  for  the 
control  material . 
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3.1.2  Resin  Materials  I 

j 

"Scotchply"  SP-272  is  a  high  temperature  epoxy  resin  manufactured  by  | 

the  3M  Company.  The  resin  was  used  for  all  cf  the  boron  composite  work  ,  : 

reported  herein.  The  boron/epoxy  composites  were  cured  in  an  autoclave 
at  330°F  for  one  hour  minimum  under  85  psi.  The  laminates  were  post- 
cured  in  an  air  circulating  oven  for  4  hours  at  350°F.  The  filament 
volume  content  was  typically  48-53  percent, 

American  Cyanamid  8P-907  epoxy  resin  was  chosen  for  the  graphite 
matrix.  This  resin  was  cured  according  to  the  instructions  of  the  manu¬ 
facturer  (90  minutes  at  350° F).  Common  vacuum  bag  procedures  were  em¬ 
ployed.  The  filament  volume  content  of  the  graphite  composites  was 
typically  45-50  percent. 

Resins  conforming  to  the  Boeing  Material  Specification  (BMS)  8-79J 
were  employed  for  the  glass  fabric  reinforced  control  panels.  This 
specification  relates  to  preimpregnated  material  consisting  of  181  or 
cetain  other  glass  fabric  reinforcement  with  a  rigid  thermosetting  epoxy 
resin  matrix.  The  material  was  cured  in  an  autoclave  at  260°F  for  90 
minutes.  Production  qualified  materials  were  employed. 

3.2  COATINGS 

A  survey  was  made  to  determine  the  types  of  materials  to  be  used  in 
the  coating.  Most  often,  these  materials  were  chosen  on  the  basis  of 
their  unique  electrical  characteristics.  If  the  electrical  properties 
of  the  material  were  not  of  prime  concern,  materials  were  chosen  for 
ti-.eir  ease  of  processing  or  availaliility . 

3.2.1  Metal  Foil  Coatings 

Alloy  1100,  which  is  a  minimum  of  99.0  percent  aluminum  was  used 
for  all  aluminum  foils  tested.  This  alloy  lias  .a  density  of  0.098  Ib/in 
or  1.4  Ibs/lOO  square  feet  of  1-mil  foil.  Its  electrical  resistance  is 
2.92  micro-ohm-cm.  The  material  obtained  from  The  Boeing  Company  pro¬ 
duction  stores  was  manufactured  by  the  Alcoa  Company.  Very  thin  (0.0005 
inch)  material  was  obtained  from  Matheson,  Coleman  and  Bell  Company. 

Reagent  grade  copper  foils  were  purchased  from  Matheson,  Coleman 
and  Bell  Company.  This  type  of  copper  has  an  electrical  resistance  of 
1.71  micro-ohm-cm.  This  corresponds  to  101  percent  of  the  volume  resis¬ 
tivity  of  the  International  Annealed  Copper  Standard  (lACS)  at  20°C. 

Tlie  density  of  these  copper  foils  is  .*.65  lb/100  square  feet  of  l-mll 
foil. 

High  purity  nickel  foils  were  obtained  from  the  Mevite  Corporation, 

Cleveland,  Ohio.  Nickel  has  a  density  of  4.62  lb/100  ft^  mil  and  an 
electrical  resistivity  of  11.0  micro-ohm-cm. 

These  materials  were  bonded  to  the  tost  panels  by  one  of  the  follow¬ 
ing  methods: 


A.  3M  Company  Scotch  Grip  Spray  Adhesive  77,  a  rubber  based 
material  available  in  aerosol  cans. 


B.  BMS  5-29J ,  an  epoxy  polyamide  adhesive  formulated  from  equal 
parts  of  Shell  EPON  815  and  EPOS  828  with  equal  parts  of 
General  Mills  Versamid  115  and  Versamid  125.  The  adhesive  Is 
cured  under  vacuum  at  room  temperature  for  at  least  12  hours 
and  post-cured  for  1  hour  at  175°K. 

C.  Integral  bonding  during  laminate  cure.  In  this  case,  the  foil 
was  in  direct  contact  with  the  laminate  during  cure  and  the 
composite  matrix  served  as  the  adhesive. 

The  latter  technique  yielded  the  most  satisfactory  results  and  pro¬ 
vided  a  nearly  void  free  bond  line.  Method  (B)  was  subject  to  variations 
in  bond  line  thickness  and  void  content.  Method  (A)  is  the  least  satis¬ 
factory  from  a  structural  viewpoint;  the  rubber  adhesive  does  not  provide 
sufficient  strength  to  prevent  peeling  of  the  aluminum  foil  at  the  panel 
edges . 


The  metal  foils  were  prepared  for  bonding  by  wiping  the  surface  with 
methyl  ethyl  ketone  (MEK) .  Previously  cured  laminates  were  prepared  for 
bonding  by  scouring  with  Scotch  Brite,  followed  by  a  solvent  wipe  with 
MEK.  Unless  otherwise  stated,  the  metal  foils  were  bonded  to  the  scrim 
cloth  side  of  the  boron  fiber  reinforced  laminates. 


Adhesive  backed  1-inch  wide,  3-mil  thick  aluminum  tape  was  bonded  to 
many  composite  panels.  This  electrical  tape  is  3M  Scotch  Brand  Tape  No. 
X-1170.  The  adhesive  is  pressure  sensitive  and  is  pigmented  with  a  very 
small  quantity  of  bronze  colored  pigment.  The  pigment  provides  electri¬ 
cal  conductivity  between  the  metal  tape  and  the  substrate.  This  tape 
was  used  for  nearly  all  of  the  test  panels  which  incorporated  "expend¬ 
able"  metal  strips  into  tlie  coating  system. 

3.2.2  Metal  Fabrics  and  Mesh 


Woven  wire  cloth  was  purchased  from  Pacific  Wire  Products  Company, 
Seattle.  Several  different  material  configurations  were  utilized. 

These  are  summarized  in  Table  I.  As  a  point  of  reference,  the  mesh 
count  is  defined  as  the  number  of  openings  or  fractions  thereof  in  a 
lineal  inch;  the  fill  wires  are  wires  running  the  short  way  of  the  cloth 
as  woven  and  the  warp  wires  are  the  wires  running  the  long  way  of  the 
cloth  as  woven.  A  plain  weave  Is  one  in  which  each  warp  (fill)  wire 
passes  over  a  fill  (warp)  wire,  then  under  one,  etc.  A  twilled  weave  is 
illustrated  in  Figure  la.  In  this  weave,  each  weave,  each  warp  (filled) 
wire  passes  over  two  fill  (warp)  wires,  then  under  two,  etc. 

The  woven  wire  fabrics  and  knitted  wire  mesh  were  bonded  to  the 
composite  panels  with  the  BMS  5-29J  or  by  the  integral  bonding  techniques 
previously  described  with  one  oxception--the  silver  plated  brass  mesh. 
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Tablet:  WIRE  FABRIC  MATERIALS 


MfeSh 

W  i  re 

Weight  ^ 

Metal  Alloy 

Densi ty 

Weave 

Dia,  (in.) 

Lb/100  ff 

Aluminum  -  5056 

60 

X  60 

Twi  lied 

0  .008 

8.4 

Aluminum  -  5056 

120 

X  120 

tl 

0.00  3 

2.4 

Aluminum  -  1 iOO 

120 

X  120 

1 1 

0.003 

2.4 

■Aluminum  -  5056 

200 

X  200 

II 

0.0021 

1.9 

Piiosphor  Bronze 

100 

X  100 

Plain 

0.0045 

14.7 

Phosphor  Bronze 

200 

X  200 

1 1 

0.0021 

6.4 

Hopper,  Pure 

100 

X  100 

Plain 

0.0045 

16.0 

Stainless  Steel 

325 

X  325 

Twi  lied 

0  .0014 

4.1 

(18-8) 


The  brass  wire  meets  MIL-SPEC-QQ-W-3211i;  however,  the  silver  plating 
of  the  brass  does  not  meet  any  Federal  or  Military  specifications  because 
these  specifications  are  based  on  plating  of  flat  surfaces.  The  brass 
wire  has  a  3  percent  silver  plating  by  weight.  This  mesh  was  bonded  to 
the  fiber  reinforced  panels  with  BMS  3-10,  a  room  temperature  curing 
epoxy  adhesive  tape.  The  wire  mesh  was  partially  embedded  in  the  epoxy 
matrix  and  cured  for  24  hours  at  room  temperature  under  a  14  Ib/in-  con¬ 
fining  pressure.  The  panels  were  post  cured  for  two  hours  at  150‘"F. 

The  boron  panel  utilized  the  adhesive  cape  as  an  overcoat,  the  graphite 
panel  as  an  undercoat. 

'i'he  copper  utilized  for  macroscopic  screen  construction  was  0.0021 
inch  diameter  ordinary  magnet  wire.  The  wires  were  bonded  to  the  panel 
surfaces  with  a  small  bead  of  BMS  5-29  adhesive. 

K.nitced  wire  mesli  was  obtained  from  the  Metex  Corporation,  '"'dison, 

New  Jersey.  Several  different  constructions  were  employed.  Th.ese  are 
summarized  in  Table  II.  A  view  of  a  knitted  fabric  is  shown  in  Figure 
lb.  The  difference  in  clie  cons  truc.ci  on  of  knitted  and  woven  fabrics  is 
apparent  in  the  figure. 

3.2.3  Plasma  and  Flame  Spray 

Plasma  spraved  aluminum  was  applied  to  the  panels  using  a  nitrogen 
atmosphere  to  prevent  oxidation.  A  thickness  of  4-r.ils  of  flame  spraved 
aluminum  was  applied  to  a  polyvinyl  alcohol-polycinyl  acetate  (PVA)  re¬ 
lease  film.  Dow  Chemical  ".'•lAPP"  gas  was  used  as  Che  carrier.  The  panels 
were  integrally  bonded  to  the  aluminum  during  cure.  Release  from  the 
PVA  film  was  affected  by  hot  water.  The  boron  panels  released  well,  but 
some  stripping  of  the  coating  from  the  boron-epoxy  occurred.  The  graphite 
panels  could  not  he  released  intact.  These  panels  separated  between 


Table  II:  KNITTED  WIRE  MESH 


Metal 

Wire  Dla.  (in.) 

Mesh 

Weight  lb/100 

Al uminum 

.003 

13 

X 

24 

0.48 

.003 

10 

X 

18 

0.36 

.004* 

13 

X 

24 

1.70 

.004 

13 

X 

24 

0.85 

.004 

8 

X 

14 

0.50 

.004 

5 

X 

9 

0.32 

.006 

8 

X 

14 

0.90 

.006 

•  ,  6 

X 

•11 

O.SS 

.008 

5 

X 

9 

1.30 

.010 

5 

X 

9 

2.00 

Monel 

.002 

22 

X 

40 

2.60 

Silver  Plated 

Brass  •‘.0035 

13 

X 

24 

2.20 

♦This  knit  used  a  double  stranded  4  mil  diameter  aluminum  wire 


layers  of  graphite  rather  than  at  the  release  film.  Precuciably,  tliis 
was  due  to  the  low  interlaminar  shear  of  rhe  graphite  composite  and/or 
to  resin  bleed  through  which  could  form  a  permanent  bond  between  the 
aluminum  caul  plate  and  the  flame  sprayed  surface. 

J.J.4  Pigmented  Paints 

i.U.A.i  Amine-Cured  Kpoxies 

The  coating  base  was  prepared  tror.  p;PON  1001,  an  eplchlorohydrin/ 
hisphenol  A-Type  epoxy  resin.  Tlie  curative,  C-111,  is  a  diethylene 
tri  amine  adduct  of  F.PON  1001  in  a  solvent  solution.  The  resin  and  cura¬ 
tive  were  mixed  in  the  proportions  recomm.ended  by  Shell  Chemical  (Company, 
and  included  5  percent  by  weigtit  of  a  flow  control  agent  (Beetle  216-8, 
American  Cyanamlde  Corporation).  In  unpigmented  form,  this  coating 
vehicle  served  as  a  sprayable  underlayer. 

Pigmented  paint  was  prepared  by  edding  the  desired  amount  of  pigment 
to  n  solution  which  wa.s  37.5  percent  KP(3N  1001,  2  percent  Beetle  216-8 
and  00.5  percent  solvent  mixture  by  weijut.  iTie  solvent  liad  equ.il  vol¬ 
umes  of  ( ollosolve  acetate,  methyl  ethyl  ketone  and  xylene. 

The  following  materials  were  employed  as  pigments; 

A.  Boron  Nitride  (BN),  Analyzed  Reagent  Crade  Crystals,  Alfa 
Inorganics  Company. 
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B.  Potassium  Nitrate  (KNO-j)  ,  Analyzed  Reagent  Grade  Crystals, 
Nath'^son,  Coleman  and  Bell  Company. 

C.  Potassium  Sulfate  (K2SO4)  ,  Analyzed  Reagent  Grade  Crystals, 
Matheson,  Coleman  and  Bell  Company. 

D.  Magnesium  Nitrate  (MgiNOj)  2 .61120)  ,  Analyzed  Reagent  Grade 
Crystals,  Matheson,  Coleman  and  Bell  Company. 


Carbon  Blaok,  Cahot  Vulcan  XC-72,  (irade  Black. 


F.  Copper,  1  Micron  Powder,  Alfa  Inorganics. 

G.  Aluminum,  325-Mesh  Powder,  Alfa  Inorganics. 

H.  Sodium  Nitrite  (NaN02) ,  Analyzed  Reagent  Grade  Crystals,  J.T. 

Baker  Chemical  Company. 

The  pigments  were  dispersed  in  the  mixture  u.'.ng  either  a  pebble 
mill  or  a  ball  mill;  grinding  or  dispersion  was  accomplished  in  4  to  24 
hours.  Upon  completion  of  grinding,  the  pigmented  vehicle  was  stored  in 
a  sealed  metal  paint  container  at  0°F.  UTien  needed,  the  paint  was  warmed 
to  room  temperature  and  the  appropriate  amount  of  catalyst  was  added; 
further  dilutions  with  solvent  mixture  were  made  for  spray  application 
purposes.  After  coating,  the  paints  were  cured  In  a  forced  air  oven  for 
1  hour  at  150°F. 


Several  phenomena  were  observed  during  the  processing  of  these 
coat  i  ngs : 


A.  Uncatalyzed  inorganic  salt  pigmented  KPON  1001  gelled  upon  pro¬ 
longed  (  >2  weeks)  room  temperature  storage. 

B.  I'he  magnesium  nitrate  system  repeatedly  precipitated  from  solu¬ 
tion  upon  addition  of  the  catalyst.  As  spraying  was  impossi¬ 
ble,  the  coating  was  applied  by  brushing. 

C.  A  6  percent  pigment  volume  concentration  (.PVC)  is  the  maximum 
possible  for  this  resin  system  wlien  pigmented  with  Gabot  XC-72 
Black. 

D.  An  attempt  to  prepare  a  sodium  nitrite  pigmented  system  was 
unsuccessful,  ihe  salt  would  neither  dissolve  nor  disperse 
in  the  resin  solution. 

With  the  exception  of  the  boron  nitride  pigmented  system,  wliich  was 
not  primed,  all  surfaces  were  prii.ied  with  BMS  10-11,  Type  1,  general  pur¬ 
pose  epoxy  primer  (Fincti  Base  46  3-6-3,  converter  X-306  and  a  thinner). 

The  use  of  a  primer  was  mandatory  to  assure  good  adhesion  of  the  sprav- 
ablc  coatings  to  the  Kapton  film  or  to  the  epoxy  matrix  of  the  composite. 
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3. 2. 4. 2  Thermoplastic  Epoxies 

The  coating  vehicle  was  Ciba  Araldite  488E32,  a  thermoplastic  epoxy. 
Pigments  included: 

A.  Sterling  MTNS  black,  a  moderately  conductive  carbon. 

B.  Boron  Nitride,  Analyzed  Reagent  Grade  Crystals,  Alfa  Inorganics 
Company . 

C.  Aluminum  trlfluorlde  (Al2Fg),  Research  Organics/Inorganics. 

D.  325-Mesh  Aluminum  Powder,  Alfa  Inorganics  Company. 

E.  Lithium  Chloride  (LiCl)  Powder,  Research  Organics/Inorganics. 

The  paints  were  prepared  and  applied  as  described  previously.  Some 
paints  contained  two  pigments;  in  this  case,  one  of  the  pigments  was  the 
MTNS  black.  The  lithium  chloride  coating  was  prepared  by  sprinkling 
Research  Organics /Inorganics  lithium  chloride  powder  over  a  wet  Araldlte- 
carbon  black  layer. 

3 . 2 . 4 . 3  Si licones 

Dow  Corning  92-009  silicone  was  utilized  as  a  vehicle  for  systems 
Incorporating: 

A.  Al.F, ,  Research  Organics/Inorganics. 

J  o 

B.  Aluminum  325-me8h  powder,  Alfa  Inorganics. 

C.  Copper  purified  powder,  Matheson,  Coleman  and  Bell  Company. 

These  were  prepared  as  above  with  the  exception  that  no  leveling  agent 
was  added  to  the  vehicle.  Dow  Coming  1201  Silicone  Primer  was  utilized 
for  these  systems. 

3. 2. 4. 4  Urethanes 

Polyurethane  based  paints  utilizing  Finch  clear  base  683-3-2  and 
X-310  catalyst.  The  pigments  were:  Aluminum,  Alcoa  No.  552;  and  a 
"Gold"  pigment.  Product  No.  DG-10990,  Claremont  Polychemical  Company 
(approximately  80-85  percent  copper,  10-15  percent  zinc,  2  percent  sili¬ 
cone)  . 

The  paints  were  prepared  by  standard  techniques  and  applied  over  an 
epoxy  primer  (BMS  10-11,  Type  1).  A  final  topcoat  of  1  mil  clear  base 
683-3-2  'as  also  applied.  The  coatings  were  baked  for  1  hour  at  160° F. 
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3.2.5  Sandwich  Coatings 


Two  metal  sandwich  coating  systems  were  prepared.  These  three-coat 
sandwiches  consisted  of: 

/.  A  thin  clear  base  coat. 

B.  A  solvent  slurry  of  aluminum  or  copper. 

C.  A  clear  topcoat. 

The  metals  were: 

A.  325-mesh  aluminum  powder,  Alfa  Inorganics. 

B.  Purified  copper  powder,  Matheson,  Coleman  and  Bell  Company. 

The  base  coat.  Shell  Chemical  Formulation  No.  CA-27-H-1  was  applied 
to  the  panels  and  Immediately  a  slurry  of  the  metallic  powder  was  sprayed 
onto  the  part.  This  slurry  consists  of  12  percent  by  weight  pigment  and 
88  percent  by  weight  solvent  (a  blend  of  A  parts  toluene  to  1  part  methyl 
Isobutyl  ketone). 

Following  application  of  the  metallic  slurry,  the  part  is  flash 
dried  for  15  minutes  at  room  temperature  and  then  force  dried  for  30 
minutes  at  lAO’F.  Top  coat  formulation  CA-27-H-2  is  then  spray  applied, 
flash  dried  10  minutes  at  room  temperature  and  given  a  final  force  dry 
of  90  minutes  at  140° F. 

3.2,6  Other  Paint  Systems 

The  silver-epoxy  paint  was  KPO-TFK  401,  supplied  by  KPOXY  Technology, 
Inc.,  Watertown,  Massachusetts.  This  paint  was  used  without  a  primer 
and  exhibited  excellent  adhesion  to  the  substrates  as  applied  by  spray¬ 
ing.  The  panels  were  cured  for  1  hour  at  250"F.  This  paint  has  a  volume 
resi.stlvity  less  than  0.001  ohm-cn. 

The  copper  paint  was  supplied  by  ttie  Ablestik  Adhesive  Company, 
Gardena,  California,  under  the  trade  name  Abelbond  163-4.  This  copper 
filled  epoxy  paste  was  trowelled  onto  the  panels  to  a  finished  thickness 
of  10-14-mils.  The  filler  content  was  82  percent  by  weight  of  99  per¬ 
cent  pure  copper  powder.  The  resistivity  was  approximately  0.005  ohm-cm. 

The  silver  conductive  coating  was  XC-4001  (Hanna  Chemical  Coatings 
Company,  Columbus,  Ohio),  a  silver  pigmented  thermoplastic  system.  The 
coating  was  applied  by  standard  spray  techniques.  The  reported  conduc¬ 
tivity  is  90  mic ro-ohm-cn .  BMS  10-11-Type  1,  primer  was  used  for  this 
coating. 

Dynacryl  DA-B704,  an  aluminum  pigmented  all-purpose  ''inyl  acrylic 
paint  is  manufactured  by  the  Atlas  Chemical  Company,  Miami,  Florida. 

This  paint  was  applied  by  spraying  over  a  primer  coat  of  BMS  10-11, 

Type  1.  The  paint  was  flash  dried  for  30  minutes  at  room  temperature 
and  force  dried  30  minutes  at  140°F. 
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3.2.7  Miscellaneous  Coating  Materials 

"Kapton",  a  polylmlde  film  manufactured  by  the  E.I.  duPont  deNemours 
and  Company,  was  employed  as  dielectric  layer  in  several  coating  systems. 
One,  two  and  3-mll  thick  films  were  used.  The  most  common  electrical 
properties  of  "Kapton"  polylmlde  film  are  given  in  Table  III.  These  are 
the  values  reported  by  the  manufacturer  as  measured  at  ."5“C  and  50  percent 
relative  humidity. 


Table  III:  TYPICAL  ELECTRICAL  PROPERTIES  OF  “KAPTON" 


Dielectric  Strength 

Thickness 

Typical  Value 

Test  Method 

1-mil 

7000  v/mil 

ASTM 

2-inll 

5400  v/mll 

D- 149-61 

3-mll 

4600  v/mll 

V'olume  Resistivity 

Thickness 

Typical  Value 

Test  Method 

1-mil 

1 8 

1  X  10  ohm-cn 

ASTM 

2 -mil 

8  X  10^^  ohm-cm 

D-257-61 

3-mil 

5  X  10^^  ohm-cm 

Kaptor  was  bonded  Co  the  composites  by  one  of  the  three  methods 
described  for  the  bonding  of  metal  foils.  The  film  was  prepared  for 
bonding  to  the  composite  by  a  MEK  wipe.  Kapton  surfaces  were  prepared 
for  painting  by  scouring  with  Scotch-Bri te . 

"Pyralln",  a  conductive  polyimide  coated  glass  fabric  of  various 
resistivities,  is  also  manufactured  by  duPont.  This  material  utilizes 
either  112  or  116  E  style  glass  carrier  fabrics  and  a  carbon  black  pig¬ 
ment.  It  was  bonded  directly  to  composites  with  the  previously  des¬ 
cribed  BMS  5-29J  adhesive  system. 

Epoxy  dielectric  underlayers  were  simply  1  ply  of  the  previously 
described  BMS  8-79,  with  a  181  E  style  glass  fabric  carrier.  This 
material  was  bonded  to  previously  cured  composite  panels  in  an  autoclave. 
The  cure  cycle  was  90  minutes  at  250‘’F  and  40  psi. 
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SECTION  IV 


LIGHTNING  PROTECTION  TEST  APPARATUS 


Past  studies  have  shown  that  the  damage  introduced  by  a  natural 
lightning  stroke  is  primarily  composed  of  two  parts;  a  high  current  com¬ 
ponent  which  produces  mechanical  and  electromagnetic  damage  and  a  high 
coulomb  component  whicli  causes  thermal  and  electrical  lieating  damage. 

The  high  current  discharge  is  usually  a  crest  current  with  a  peak  ampli¬ 
tude  from  10  KA  to  200  KA  and  a  pulse  duration  approximately  up  to  50 
microseconds.  A  high  coulomb  component  is  usually  a  long  duration  low 
amplitude  current  component  having  a  few  hundred  milliseconds  to  a  few 
seconds  duration  and  from  less  than  100  cimps  up  to  a  few  thouscind  amps. 

An  artificial  lightning  stroke  for  test  purposes  is  therefore  defined  as 
a  high  current  and  a  high  coulomb  component  to  simulate  the  damage  pro¬ 
ducing  effects  of  natural  lightning.  All  aspects  or  properties  of  nat¬ 
ural  lightning  cannot  be  simulated  in  the  laboratory  due  to  limited  space 
and  energy  available  as  well  as  the  lack  of  a  complete  understanding  of 
a  lightning  stroke;  however  for  the  present  study,  the  test  discharge 
(as  shown  in  Figure  2)  was  used  and  is  believed  to  have  the  requisite 
characteris tics .  They  are; 

A,  A  high  current  component  rising  from  zero  to  a  crest  value  of 
200,000  amperes  in  10  microseconds  and  a  pulse  duration  of  20 
■nlcroseconds  with  +  50  percent  tolerance  on  time. 

E.  A  >111,-1-909^0  type  "C"  high  coulomb  transfer  discharge  with 
total  charge  transfer  equal  to  or  exceeding  200  coulombs  in 
one  se  ;ond  or  more. 

During  the  initial  phase  study  of  the  develcpnent  and  formulation 
of  coatings  suitable  for  potential  lightning  protection  of  composite 
structures,  a  high  current  component  rising  from  zero  to  a  crest  value 
of  100  kiloamperes  in  10  microseconds  and  a  pulse  duration  of  20  micro¬ 
seconds  with  +  50  percent  on  time  was  used.  The  application  of  this 
moderately  severe  stroke  not  only  screened  coating  candidates  for  further 
study  but  aided  the  development  of  protective  coatings  for  areas  requir¬ 
ing  only  secondary  protection  sucli  as  the  Zone  II  or  the  Zone  III  areas 
of  an  airplane  (4) . 

The  laboratory  test  setup  is  shown  in  Figure  3.  The  test  panel  was 
clamped  to  an  18-inch  by  18-inch  phenolic  panel  which  was  bolted  to  the 
Faraday  Cage  and  was  electrically  Isolated  from  the  cage  except  for  the 
ground  strap  that  was  clamped  to  one  end  of  the  panel.  This  configura¬ 
tion  assured  that  the  discharge  current  passed  through  the  maximum  availa¬ 
ble  coating  surface  of  a  test  panel.  A  positively  grounded  power  supply 
system  was  used,  i.e.,  the  discharge  probe  injected  discharging  elec¬ 
trons  toward  the  test  panel  to  simulate  a  more  severe  damage  situation 
than  that  of  a  negatively  grounded  power  supply.  A  1,'4  inch  diameter 
tungsten  probe  was  used  to  direct  the  discharge  to  the  test  panel  and  a 

inch  gap  was  maintained  between  the  probe  and  the  panel. 
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Figure  7:  DISCHARGE  CURRENT  REQUIREMENTS 


LABORATORY  TEST 
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The  Faraday  Cage,  a  metallic  box  to  provide  electromagnetic  shield¬ 
ing,  was  used  not  only  to  firmly  hold  the  test  panel  during  the  discharge 
bur  also  to  house  the  equipment  and  test  personnel  for  the  induced  volt¬ 
age  measurement  task.  The  purpose  of  this  task,  was  to  measure  the  in¬ 
duced  voltage  in  an  individual  fiber  due  to  the  high  current  component 
discharge.  The  test  was  accomplished  by  instrumenting  a  copper  wire  in¬ 
cluded  in  the  laminate.  The  leads  of  the  wire  were  connected  to  a  load 
resistor  in  tiie  Faraday  Cage,  and  the  output  of  the  load  resistor  was 
connected  to  a  Taktronix  u22  battery  powered  oscilloscope.  A  polaroid 
camera,  operated  by  an  observer,  was  utilized  to  record  the  induced  volt¬ 
age  . 


To  generate  an  artificial  lightning  strike  in  the  lab,  two  different 
versions  of  the  lab  setup  are  used;  the  high  current  component  generator 
as  shown  in  Figure  Aa  and  the  two  component  generator  as  stiown  in  Figure 
nb .  As  illustrated  in  the  schematic  diagram  of  Figure  Aa,  a  A2  micro¬ 
farad  capacitor  bank  rated  at  30  KV  is  used  to  generate  the  high  current 
com,ponent:  the  discharge  was  initiated  by  closing  switch  The  dis¬ 

charging  capacitor  bank  normally  produces  an  underdamped  oscillatory  dis¬ 
charge  due  to  the  small  damping  ratio  of  the  equivalent  electrical  cir¬ 
cuit  of  the  discharge  path.  Tiie  required  single  pulse  discharge  is  pro¬ 
duced  by  closing  a  crowbar  switch  S9,  as  stiown  in  Figure  Aa,  to  shunt  or 
crowbar  the  discharge  currents  parallel  to  the  test  panel  immediately 
after  the  first  half  cycle  oscillatory  discharge. 

Tiie  crowbar  switch  $->,  a  GE  37207  ignitron  tube,  is  turned  on  by  a 
high  voltage  pulse  of  1200  volts  at  a  predetermined  time.  The  schematic 
diagram:  and  the  firing  circuit  of  the  cfqwbur  switch  are  shown  in  Figure 
5(a)  and  5(b),  respectively.  As  shown,  the  Hewlett  Packard  Model  21A 
Delay  Pulse  Generator  will  bo  triggered  by  the  induced  voltage  of  the 
initial  capacitor  discharge  from  the  pickup  loop.  The  isolation  and 
step-up  transformer  will  then  deliver  a  200  volt  delayed  pulse  to  tlie 
triggering  terminal  of  a  Krycron  (KRP-21  by  Kdgertron,  Gerrieshauser.  i 
Grier  Co.).  The  triggered  Krytron  delivers  a  1200  volt  rulse  to  the 
ignitor  of  cl'e  ignirron  tube  as  shown  in  Figure  5(b).  Three  typical 
crowbarring  discharge  waveforms  are  shown  in  Figure  6(b),  (c)  and  (d)  . 
Theoretically,  closing  the  crowbar  switch  will  shunt  tlie  discharge  cur¬ 
rent  and  s tops  all  current  flow  through  the  test  item;  however,  as  illus¬ 
trated  by  cl'.e  oscillatory  nature  in  Figure  6(,a),  current  continued  to 
flow  througti  the  test  item  after  So  was  activated.  This  is  undoubtedly 
due  to  the  finite  Impedance  of  the  discharge  path  which  continued  to 
share  current  with  the  lower  impedance  of  the  parallel  crowbar  circuit. 
Nevertheless,  this  type  of  discliarge  adequately  simulates  lightning 
damage  for  the  purposes  of  the  study. 

The  discharge  current  was  measured  by  a  ii  i  gh  current  shunt  of  60 
r.icro-ohrn  impedance  made  by  '’’lie  Uoeing  Company.  T'r.e  output  of  this 
shunt  was  connected  to  a  Tektronix  5-9  oscilloscope  to  record  the  dis¬ 
charge  current. 

A  block  diagram  of  a  two  component  liglitning  generator  is  s’liown  in 
Figure  -b  .  Tiie  'nigh  current  conponenr  generator  will  first  establish  an 
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Ftgure  6  TYPICAL  CPOW8ARRED  DISCHARGE  CURRENT  WA  VEFORMS 


arc  between  the  discharge  probe  and  the  test  item  and  the  high  coulomb 
component  generator  will  then  foi low-on  by  discharging  a  DC  component 
through  the  established  ionized  channel  to  the  test  panel.  The  charged 
high  voltage  capacitor  bank,  is  electrically  isolated  from  the  battery 
bank  by  the  switch  S^;  these  high  current  and  high  coulomb  components  are 
transiently  Isolated  from  each  other  by  the  isolation  coil.  The  total 
discharge  is  terminated  by  opening  the  switch  S-j-. 

An  oscillatory,  instead  of  the  previously  discussed  crowbarring, 
capaci'^'ir  bank  system  is  employed  with  the  same  42  microfarad  capacitor 
bank.  This  is  necessary  because  the  high  coulomb  component  currents  from 
the  battery  bank  will  otherwise  flow  tlirough  hotli  the  crowbar  switch  and 
the  discharge  path;  the  excessive  DC  current  which  flows  through  the 
crowbar  switch  will  not  only  degrade  the  available  testing  energy  but 
will  also  greatly  reduce  the  lifetime  or  damage  the  ignitron  tube.  The 
extra  coulomb  value  provided  by  the  additional  discharge  from  the  capa¬ 
citor  blank  is  less  than  1  percent  of  the  total  amount  of  the  two 
coEipcneht  stroke. 

Two  430  volt  battery  carts  are  utilized  for  the  required  high  cou¬ 
lomb  component.  Each  steel  cart  with  the  dimensions  of  73  inches  by 
49  inches  and  50  Inches  high  has  been  configured  with  36  .'2-volt  automo¬ 
tive  batteries  and  has  a  total  weight  of  about  2200  pounds.  With  dif¬ 
ferent  series  or  parallel  connections  the  system  is  capable  of  discharg¬ 
ing  a  DC  level  up  to  3000  amperes  and  maintaining  an  arc  with  a  gap  of 
I’n  to  a  half-inch. 


riie  schematic  diagram  of  Che  timing  switcti  S-p  (Figure  4b)  which  pro¬ 
vides  a  cutoff  time  for  the  battery  bank  of  up  to  5  seconds  is  shown  in 
Figure  7.  A  flash  from  the  initial  capacitor  bank  discharge  will  turn 
on  Dj ,  a  light  .activated  silicon  controlled  rectifier  (LASCR),  in  less 
than  6  microseconds.  Once  tlie  I.ASCR  is  on,  the  28.35  volt  power  supply 
will  be  latched  to  Q-),  a  field  effect  transistor,  which  works  as  a  con¬ 
stant  current  source,  therefore,  the  capacii.jr  C  will  be  charged  line¬ 
arly.  UTien  the  capacitor  is  charged  to  12  volts,  Q4 ,  an  unijunction 
transistor,  will  be  turned  on  to  activate  I.2  to  change  So  to  position  2; 
then  will  be  de-activated  to  tihange  to  position  2.  By  this  pro¬ 
cedure  the  battery  cart  will  be  disconnected  from  the  lightning  discharge 
path,  Q3  works  as  a  source  follower  to  increase  the  linearity  of  the 
charging  rates  of  the  capacito'.  ihe  tim.ing  of  tlie  whole  device  is  con¬ 
trolled  by  the  3  kilo-ohm  potent lom.e te r  which  limits  the  amount  of  cur¬ 
rent  from  the  current  source.  Three  9.45  volt  mercury  cells  are  used 
for  the  28.35  and  18.9  volts  power  supply,  .A  90  volt  dry  battery  is 
used  to  power  Lj^.  A  GF  1 C2800-Y102A- 3 ,  a  normally  open  circuit  breaker, 
is  used  in  tlie  tim.ing  switch. 


Hoferring  to  the 
simulator  as  shown  in 
can  lie  represented  by 


schematic  diagram  o*'  an  artificial  lightning  stroke 
Figure  4b,  the  discharge  path  of  the  battery  bank 
t!ie  schematic  diagram  of  Figure  8. 
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Figures:  EQUIVALENT  CIRCUIT  OF  LIGHTNING  GENERATOR 


A  circuit  analysis  yields  the  following  equation  for  this  circuit: 
V 

I(t)  -  I  (1  -  e  )  (1) 

For  a  typical  operation,  l.e.,  a  250  amp  discharge,  the  rise  time 
will  be: 


t  ■  4.1  us  for  10%  of  current  rise,  or  25  amp 

t  =  26.9  us  for  50%  of  current  rise,  or  125  amp 

t  -  89.3  us  for  90%  of  current  rise,  or  225  amp 

Since  the  discharge  of  the  battery  bank  depends  on  the  existence  of 
a  conductive  channel  which  is  established  by  the  discharge  of  a  capacitor 
bank,  a  time  coordination  must  exist  between  the  capacitor  and  battery 
banks.  The  exact  timing  between  these  two  banks  cannot  be  defined  theore¬ 
tically  because  of  the  lack  of  a  full  knowledge  about  the  characteristics 
of  the  discharge  arc.  However,  theoretical  calculations  show  the  central 
temperature  in  the  ionized  channel  of  a  lightning  stroke  will  usually 
drop  to  7000°C  or  8000°C  within  1  millisecond  of  the  cessation  of  a 
lightning  discharge  (5).  Ac  this  temperature,  the  electrical  conductivity 
of  the  air  is  between  3.90  mhos/cm  and  10.4  mhos/cm  (6).  These  arguments 
combined  with  the  rise  time  calculations  of  the  battery  bank,  indicate 
the  battery  bank  should  be  able  to  "follow-on"  with  no  difficulties. 
Laboratory  tests  show  this  is  true,  but  the  batteries  cannot  be  discharged 
if  the  gap  between  the  probe  and  the  test  panel  is  greater  than  1/2  inch. 
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SECTION  V 

TEST  RESULTS  AND  DISCUSSIONS 


A  numbering  system  has  been  devised  for  test  panel  identification 
and  description.  It  consists  of  the  following  sixteen  digits: 


XXX 

XX 

XX 

XX 

XX 

X 

XX 

XX 

lest 

Type 

Serial 

Type 

Thickness 

Coating 

Type  of 

Tliickness 

Serial 

of 

Number 

of 

of 

Cove  rage 

Unde  r- 

of  Under- 

N  umb  e  r 

Panel 

of  Panel 

Coating 

Coating 

Coating 

coating 

The  numbering  system  has  the  following  significance; 


Test  Serial  Number:  A  three  digit  number  unique  to  each 

panel . 

Type  of  Panel:  Two  letters  describing  Che  composite 

reinforcement,  e.g.,  BR=boron  fila¬ 
ment  ,  GP=graphite  fiber ,  FG=l8lE 
style  glass  fabric  and  AIi=aluininur.. 


Serial  Number  of  Panel: 


A  two  digit  number  unique  to  the  par¬ 
ticular  reinforcement. 


Type  of  Coating: 


A  two  letter  code  describing  the 
coating,  e.g.  AF  is  the  designation 
for  aluminum  foil. 


Thickness  of  Coating: 
Coating  Coverage: 


L'nde  rcoating : 

Thickness  of  L'ndercoat: 


In  mils  and  including  primer. 

A  one  letter  code  describing  the 
degree  of  surface  coverage,  mesh 
density  of  a  fabric  coating,  or 
attached  with  diverter  strips. 

A  two  letter  code  defining  the  under¬ 
coat  system,  e.g.,  KF=Kapton  film. 

In  mils 


For  example,  a  designation  of  023-GP05-AF0 'JC-KF02  stands  for  the  twenty- 
third  test,  the  fifth  graphite  panel  tested,  a  3-mil  protective  coating 
of  aluminum  foil  providing  complete  coverage  of  tlie  panel  surface,  and 
a  2-mil  undercoating  of  Kapron  film;  a  designation  of  2 32-BR9 7-AD08G-0000 
stands  for  the  two  hundred  and  thirty-second  test,  the  ninety-seventh 
boron  panel  tested,  a  u-mil  wire  diameter  aluminum  knitted  wire  mesh  with 
a  mesh  density  of  10  x  18  as  the  coating,  but  no  undercoating  was  applied. 
All  abbreviations  for  the  numbering  system  are  listed  in  Table  If. 
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Table  IV:  ABBREVIA  TIONS  FOR  PANEL  OESICNA  TION 


A 

6  X  11  mesh 

CU 

C 

polyurethane  paint  filled 
with  copper 

AD 

• 

knitted  aluminum  wire  mesh 

cw 

« 

copper  wire 

AE 

epoxy  paint  filled  with 
aluminum 

DE 

epoxy  paint  filled  with 
potassium  nitrate 

AF 

aluminum  foil 

E 

• 

13  X  24  mesh  per  inch 

AK 

silicone  paint  filled  with 
aluminum 

EP 

= 

epoxy  paint 

ALCO 

= 

aluminum  honeycomb  core 

F 

= 

8  X  14  mesh 

AM 

= 

knitted  monel  wire  mesh 

FE 

- 

woven  stainless  wire  fabric 

AP 

cs 

plasma-sprayed  aluminum 

FG 

= 

glass  fabric  reinforced  com¬ 
posi  te 

AR 

* 

woven  aluminum  wire  fabric 

G 

_ 

10  X  18  mesh 

AS 

* 

flame-sprayed  aluminum 

GP 

graphite  fiber  reinforced 

AU 

= 

polyurethane  paint  filled 

composite 

with  aluminum 

H 

— 

22  X  40  mesh 

B 

= 

5x9  mesh 

J 

13  X  24  mesh  with  double 

BN 

* 

boron  nitride  filled  epoxy 

stranded  wire 

BR 

boron  filament  reinforced 

KF 

= 

Kapton  film 

composi ce 

LK 

_ 

silicone  paint  filled  with 

C 

= 

completely  coated 

aluminun.  trifluoride 

CC 

= 

carbon  cloth 

ME 

= 

epoxy  paint  filled  with  MINS 
carbon  black 

CF. 

epoxy  paint  filled  with 
copper 

NI 

= 

nickel  foil 

CF 

= 

copper  foil 

P 

= 

partially  coated 

CK 

= 

silicone  paint  filled  with 

PE 

= 

epoxy  paint  filled  with 

copper 

potassium  sulfate 

CM 

s 

epoxy  paint  filled  with 

QE 

= 

epoxy  paint  filled  with 

micron  size  copper  powder 

aluminum  and  carbon  black 

CR 

= 

woven  copper  wire  fabric 

SA 

= 

silver  pigmented  acrylic 
paint 
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Table  IV:  ABBREVIATIONS  FOR  PANEL  DESIGNATION  (CONT.) 


epoxy  paint  filled  with  VA 

silver 

W 

glass  fabric  Impregnated 

with  silver  filled  epoxy  X 

paint 

XE 

silver  plated  brass  wire 

expendable  aluminum  diverter 
strips  Y 


••  vinyl  acrylic  paint 

“  60  X  60  mesh 

“  120  X  120  mesh 

=  epoxy  paint  filled  with 

carbon  black  and  overcoated 
with  lithium  chloride 

«  325  X  325  mesh 


100  X  100  mesh 

epoxy  paint  filled  with 
XC-72,  conductive  black 


YE  =  epoxy  paint  filled  with 
aluminum  trifluoride  and 
carbon  black 

Z  =  200  X  200  mesh 


5.1  SCREENING  TEST  RESULTS 


A  total  of  261  coated  and  uncoated  panels  were  tested  during  the 
screening  test  effort  of  this  study.  Data  from  these  panels  have  been 
summarized  in  Table  V,  and  a  detailed  description  of  every  test  panel  is 
reported  in  the  Appendix.  The  test  results  and  their  significance  are 
discussed  in  Section  5.1.1  and  following. 

5.1.1  Uncoated  Panels 

Uncoated  panels  were  tested  in  two  configurations.  One  configuration 
utilized  a  standard  panel  with  the  two  outer  plies  and  the  middle  plies 
electrically  grounded.  The  other  configuration  was  the  same  except  that 
the  test  panel  contained  a  1-mll  film  of  Kapton  integrally  bonded  between 
the  two  fiber  plies  nearest  the  discharge  probe. 

Due  to  the  higher  impedance  of  the  boron  substrate  compared  to  a 
metallic  coating,  the  discharge  current  level  was  reduced  to  less  than 
a  half  of  its  normal  level,  i.e.,  a  recorded  43  KA  discharge  resulted 
from  an  uncoated  boron  panel  test  while  the  simulator  was  originally  set 
to  have  a  100  K.A  discharge.  Ac  this  discharge  level,  both  boron  test 
panels  received  a  series  of  holes  along  the  6-inch  direction  at  the  dis¬ 
charge  zone.  Severe  delamination  was  also  observed  on  the  back  side. 
Fiber-resin  bonding  was  destroyed  by  the  high  current  and  is  shown  by  the 
mottled  appearance  of  both  panels.  Kapton  film  did  little  to  prevent 
damage  and  seemed  to  localize  the  damage  along  the  6-inch  panel  direction. 
This  is  illustrated  in  Figure  9,  Panel  039  and  040. 

An  uncoated  boron  fiber  reinforced  panel  was  completely  destroyed 
by  a  175  KA  discharge  as  shown  in  Figure  10.  The  panel  was  shattered 
into  many  pieces,  the  largest  of  which  is  approximately  3  inches  by  6 
indies.  The  retrievable  pieces  of  the  panel  amount  to  approximately  60 
per.,ent  of  the  original  five  ply,  6  x  12  inch  test  piece.  These  results 
show  that  damage  to  boron  fiber  reinforced  composites  of  this  thickness 
can  be  affected  by  panel  size.  The  small,  72  square  inch  panels  do  not 
allow  complete  energy  dissipation.  Thus,  lightning  uamage  to  larger 
structure  may  encompass  much  larger  areas  than  that  confined  within 
these  boron  test  specimens. 

The  graphite  panels  displayed  less  damage  than  boron  for  equivalent 
discharges.  The  panel  without  the  Kapton  film  was  delaminated  on  the 
front  side  and  evidence  of  current  Introduction  into  subsequent  plies 
was  clearly  visible.  Damage  radiated  both  toward  and  away  from  the  elec¬ 
trical  ground  connection  at  the  base  of  the  panel.  The  panel  containing 
the  inner  layer  of  Kapton  sustained  no  back  side  damage  and  no  explosive 
delamination  of  the  outer  ply.  Current  obviously  penetrated  the  Kapton 
to  the  second  ply  as  shown  by  the  del ami nation  and  burning  along  the  6- 
inch  direction.  Current  conduction  by  the  outer  plies  left  the  panel 
surface  rippled.  These  effects  are  also  illustrated  in  Figure  9. 
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5.1  SCREENING  TEST  RESULTS 


A  total  of  261  coated  and  uncoated  panels  were  tested  during  the 
screening  test  effort  of  this  study.  Data  from  these  panels  have  been 
summarized  in  Table  V,  and  a  detailed  description  of  every  test  panel  is 
reported  in  the  Appendix.  The  test  results  and  their  significance  are 
discussed  in  Section  5.1.1  and  following. 

5.1.1  Uncoated  Panels 

Uncoated  panels  were  tested  in  two  configurations.  One  configuration 
utilized  a  standard  panel  with  the  two  outer  plies  and  the  middle  plies 
electrically  grounded.  The  ocher  configuration  was  the  same  except  that 
the  test  panel  contained  a  l-mll  film  of  Kapton  integrally  bonded  between 
the  two  fiber  plies  nearest  the  discharge  probe. 

Due  to' the  higher  impedance  of  the  boron  substrate  compared  to  a 
metallic  coating,  the  discharge  current  level  was  reduced  to  less  than 
a  half  of  its  normal  level,  i.e.,  a  recorded  43  KA  discharge  resulted 
from  an  uncoated  boron  panel  test  while  the  simulator  was  originally  set 
to  have  a  100  KA  discharge.  At  this  discharge  level,  both  boron  test 
panels  received  a  series  of  holes  along  the  6-inch  direction  at  the  dis¬ 
charge  zone.  Severe  delamlnation  was  also  observed  on  the  back  side. 
Fiber-resin  bonding  was  destroyed  by  the  high  current  and  is  shown  by  the 
mottled  appearance  of  both  panels.  Kapton  film  did  little  to  prevent 
damage  and  seemed  to  localize  the  damage  a.ong  the  6-inch  panel  direction. 
This  is  illustrated  in  Figure  9,  Panel  039  and  OAC. 

An  uncoated  boron  fiber  reinforced  panel  was  completely  destroyed 
by  a  175  KA  discharge  as  shown  in  Figure  10.  The  panel  was  shattered 
into  many  pieces,  the  largest  of  whicii  is  approximately  3  inches  by  6 
indies.  The  retrievable  pieces  of  the  panel  amount  to  approximately  60 
percent  of  the  original  five  ply,  6  x  12  inch  test  piece.  These  results 
show  that  damage  to  boron  fiber  reinforced  composites  of  this  thickness 
can  be  affected  by  panel  size.  The  small,  72  square  inch  panels  do  not 
allow  complete  energy  dissipation.  Thus,  lightning  damage  to  larger 
structure  may  encompass  much  larger  areas  than  that  confined  within 
these  boron  test  specimens. 

The  graphite  panels  displayed  less  damage  than  boron  for  equivilent 
discharges.  The  panel  without  the  Kapton  film  was  delaminated  on  the 
front  side  and  evidence  of  current  introduction  into  subsequent  plies 
was  clearly  visible.  Damage  radiated  both  toward  and  away  from  the  elec¬ 
trical  ground  connection  at  the  base  of  the  panel.  The  panel  containing 
the  inner  layer  of  Kapton  sustained  no  back  side  damage  and  no  explosive 
delamination  of  the  outer  ply.  Current  obviously  penetrated  the  Kapton 
to  the  second  ply  as  shown  by  the  delamination  and  burning  along  the  c- 
inch  direction.  Current  conduction  by  the  outer  plies  left  the  panel 
surface  rippled.  These  effects  are  ilso  illustrated  in  Figure  9. 
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Table  V:  SUMMARY  OF  SCREEnllNG  TEST  RESULTS 
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015-FG15-AF01P-0000  110  25  1 .  No  visible 


028-BR04-AF03C-KF03  100  30  1 ,  No  visible  damage  Co  the  substrate. 


UISCHARGK  t)lSCHARC;K 

CURRENT  DURATION 

PANKI.  NO.  I  (KA)  T  (;iS)  RESULTS 


O 

CO 

ui 

CO 

X 

In 

(fl 

4N 

X 

(fl 

'w 

TO 

X 

(ft 

4i 

O 

3 

• 

• 

>. 

(fl 

• 

« 

* 

4) 

<u 

CO 

(U 

CO 

d) 

CD 

o 

4^ 

0) 

X 

U 

4.J 

U( 

(U 

4_> 

i-> 

• 

4-i 

4~l 

4J 

CL 

CO 

a 

CO 

<0 

CO 

(ft 

T- 

CO 

u 

W 

u 

{ft 

W 

w 

u 

u 

0) 

TO 

4.J 

1 

AJ 

1 

w 

0£ 

4J 

0) 

(f) 

Vi 

<b 

0 

(ft 

(fl 

(fl 

*3 

(ft 

(fl 

-Q 

fc 

£ 

4-1 

X 

X 

X 

CD 

X 

X 

3 

CO 

3 

CO 

3 

3 

3 

3 

4J 

(fl 

c/i 

CD 

• 

• 

(ft 

(fl 

(fl 

• 

OC 

(fl 

(fl 

0 

VM  • 

U-t 

CC 

di 

di 

c 

c 

QJ 

0) 

Qj 

CO 

w 

w 

(1> 

OJ 

0) 

•_) 

o 

D 

(D 

3 

c  u 

C 

(J 

£ 

CO 

CO 

X 

(0 

a 

0  <0 

LJ 

o 

CO 

CO 

(n 

u 

w 

4-> 

CO 

4-> 

u 

4-1 

t*. 

TO 

w 

4-1 

4-> 

(ft 

o 

C/)  u 

o 

(ft 

u 

(ft 

(fl 

0 

o 

o 

(ft 

(ft 

0 

O 

4) 

tJ 

3 

0) 

•3 

XI 

u 

4-i 

4J 

X 

u 

w 

fH 

^  (/} 

u 

(fl 

k4 

3 

3 

3 

u 

0 

<D 

CO 

<U 

CO 

0) 

(ft 

tfl 

4) 

CD 

OJ 

(fl 

03 

d 

o; 

X 

bC 

^  § 

OC 

E 

E 

> 

OC 

QC 

QO 

£ 

OC 

DO 

CO 

3 

d) 

'3 

T? 

<0 

CO 

CO 

*3 

CO 

CO 

pH 

•D  C 

£ 

TO 

C 

(ft 

4) 

£ 

£ 

£ 

0) 

03 

e 

a 

<0 

o; 

CO 

0) 

CO 

CO 

CO 

,:i: 

0) 

CO 

CO 

*0 

C  £ 

-D 

C 

£ 

U 

U 

“D 

TO 

T3 

(J 

c 

*3 

*3 

4) 

U  J 

k4 

3 

Wi 

CO 

eg 

CO 

V-I 

> 

O 

3  ^ 

O 

3 

0) 

U 

u 

0 

O 

O 

u 

3 

0 

o 

4) 

SQ  CO 

z 

X 

<0 

> 

U 

(_) 

Z 

z 

z 

w 

X 

z 

z 

W 

* 

« 

, 

, 

CN 

<^J 

^-4 

— • 

f—i 

o 


u 

O 

<j 


sC 

^4 


U 

o 

UJ 


c 

X 

O 


\0 

r'j 


n£>  v£>  ^ 

(N  vj 


Burned  marks  all  over  the  front 
surface . 

Few  burn  marks  on  the  backside 
around  the  discharge  center. 
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223-BR93-AD08F-0000  98  22  1.  No  visible  damage  to  the 
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243-BR02-AF01/2C-0000  100  18  1.  The  substrate  was  slightly  damaged. 


2-';4-C:P91-FK0JY-0000  100  20  1.  The  substrate  was  severely  burned. 
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One  graphite  panel  was  subjected  to  a  184  KA  discharge  as  shown  in 
Figure  11.  This  panel  displayed  resin  scorching  and  severe  delamination 
but  no  gross  changes  in  the  visible  mode  of  damage.  A  150  KA  discharge 
was  directed  toward  a  12  x  12  inch  five  ply  graphite  laminate  (Panel  No. 
253).  Some  delamination  of  the  outer  plies  and  slight  puncture  of  the 
panel  was  observed.  The  damage  was  the  same  degree  as  would  have  been 
expected  to  a  6  by  12  inch  composite  and  Indicates  damage  to  graphite  is 
independent  of  panel  size. 

For  comparable  lightning  discharge  currents  the  progression  of  damage 
is:  boron  ^  graphite  '  aluminum.  This  is  shown  in  Figures  10,  11  and  12. 
bTiereas  the  boron  panel  was  completely  shattered,  the  graphite  panel  was 
only  punctured.  The  aluminum  sheet  was  dented  and  noticeably  mauled  at 
the  test  zone.  It  should  be  noted  also  chat  the  impedance  of  a  boron/ 
epoxy  composite  is  almost  50  percent  higher  than  that  of  a  graph! te/epoxy 
composite. 

LIncoated  panels  were  also  tested  in  a  sandwich  panel  configuration. 
Aluminum  honeycomb  core  was  bonded  to  the  composite  panels,  l.e.,  glass, 
boron  and  graphite,  with  BMS  5-29  adhesive.  A  glass  reinforced  flat 
laminate  was  employed  as  the  opposite  skin  to  yield  a  closed  cell  con¬ 
figuration  and  to  maximize  any  damage  which  might  result  from  explosive 
vaporization  of  the  aluminum  core.  The  boron  and  graphite  sandwich  panels 
were  mounted  to  the  Faraday  Cage  in  the  normal  test  configuration,  Tlie 
core  of  the  glass  sandwich  panel  was  grounded  and  a  1/2  inch  diameter 
hole  was  cut  through  the  face  sheet.  This  test  configuration  provided 
direct  attachment  of  the  discharge  arc  to  the  core  as  the  dielectric 
properties  of  the  glass  reinforced  skin  prevented  normal  discharge. 
Discharge  to  this  panel  damaged  only  the  aluminum  honeycomb  core.  Tlie 
test  result  is  shown  In  Figure  13.  The  upper  left  and  center  panels  are 
the  glass  fabric  reinforced  face  sheets.  The  hole  is  clearly  visible  on 
the  labeled  face  sheet.  The  damaged  core  is  shown  at  the  bottom  left 
hand  side  of  the  figure.  The  core  was  severely  distorted  due  to  expan¬ 
sion  of  the  gases  within  the  sandwich  panel  and  a  sizeable  amount  of 
aluminum  was  vaporized. 

The  uncoated  boron  sandwich  panel  (Panel  No.  151,  Figure  14)  was 
cracked  along  the  two  fiber  axes  to  within  about  1  inch  of  each  edge. 

A  1-inch  square  hole  in  the  boron  laminate  coup’ed  with  extensive 
delamination  was  observed.  Approximately  8  square  Inches  of  aluminum 
core  were  vaporized  under  the  discharge  zone  and  much  of  the  boron  skin 
was  debonded  from  the  core.  No  evidence  of  current  conduction  by  the 
boron  was  present.  Damage  to  the  composite  face  sheet  appears  to  be  due 
to: 


1.  Arcing  of  the  discharge  througti  the  composite  to  the  aluminum  honey¬ 
comb  core,  followed  by 

2.  Explosive  vaporization  of  the  aluminum  causing  extensive  composite 
face  sheet  cracking  and  de lamination. 
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Little  evidence  of  electrical  damage  to  the  boron  was  present. 

Another  boron  reinforced  sandwicli  panel  wliich  incorporated  a  1  mi  1 
thick  insulative  Kapton  polyimide  film  between  the  two  outer  fiber  plies 
is  shown  in  Figure  14.  Damage  to  this  panel  (No.  180)  differed  markedlv 
from  the  previous  panel  (No.  151).  The  boron  skin  was  pitted  and 
punctured  with  several  small  holes,  but  no  large  puncture  occurred.  Addi¬ 
tionally,  while  the  core  in  the  immediate  discharge  zone  was  slightly 
damaged,  little  aluminum  core  vaporization  occurred.  Current  conduction 
by  the  boron  fibers  was  readily  apparent.  A  sizeable  section  of  tlie  skin 
could  be  delaminated  by  hand.  The  exposed  area  displayed  several  boron 
filaments  which  had  split  or  been  peeled  apart. 

Scanning  electron  microscope  pictures  (Figure  15)  of  these  fibers 
illustrate  damage  to  the  boron  filaments.  Figure  15a  illustrates  the 
longitudinal  weakness  of  some  of  the  boron  filaments.  Upon  peeling  the 
delaminated  face  sheet  by  hand,  several  filaments  were  fractured  along 
their  entire  length.  A  close-up  view  (Figure  15b)  illustrates  a  damaged 
filament  between  two  intact  filaments.  The  tungsten  core  of  the  fiber, 
the  white  .section  in  the  damaged  area,  appears  norral,  i.e.,  it  has  not 
been  explosively  vaporized.  The  adjacent  fibers  are  intact  and  display 
no  cracks  or  other  evidence  of  damage.  The  core  ot  the  filaments  appears 
uniform  and  homogeneous.  No  evidence  of  melting  or  vaporization  of  this 
material  can  be  discerned.  Apparently  these  filaments  were  weakened  by 
thermal  stresses  but  were  not  heated  to  the  melting  point  ( 19 70-2150° C) . 
The  fact  that  some  filaments  are  damaged  while  others  are  not  indicates 
not  all  filaments  carried  the  same  current  loads. 

From  these  test  results  it  is  apparent  that  the  presence  of  a  one 
mil  Kapton  film  results  in  a  higher  fiber  current  conduction.  While  these 
fibers  conduct  the  di.scharge  current  away  from  the  discharge  zone,  resist¬ 
ance  heating  damages  the  filaments.  The  resultant  stresses  cause  fila¬ 
ment  rupture  primarily  along  the  fiber  axis. 

A  sandwich  panel  incorporating  a  graphite  reinforced  face  siioet  was 
also  tested  (Panel  No,  177).  The  graphite  face  sheet  a.s  shown  in  Figure 
I'l  was  punctured  by  the  discharge  eu:c  and  a  minor  amount  of  local  damage 
to  the  core  was  observed.  The  effect  of  one  mil  Kapton  film  sandwiched 
between  the  outer  plies  of  graphite  fibers  was  also  examined.  This  panel 
(No.  152)  displayed  extensive  resin  scorching  laterally,  but  no  puncture. 
These  results  illustrate  the  greater  ability  of  graphite  to  dissipate 
Inten.se  electrical  energy.  WTiereas,  the  boron  sandwich  panel  was  ex¬ 
tensively  damaged  by  explosive  vaporization  of  the  core,  the  grapliite 
panel  was  primarily  damaged  by  resin  scorching  due  to  fiber  current 
conduct  ion. 

It  can  be  concluded  that  the  insulative  layer  of  Kapton  film  did 
much  to  prevent  damage  to  the  aluminum  hioneycomb  core  by  forcing  most  of 
the  current  into  the  fibers.  This  is  possible  because  the  dielectric 
breakdown  strength  of  the  epoxy  matrix  of  the  high  modulus  compos  it<'  is 
much  less  than  that  of  the  Kapton  polyimide  film.  Theref  -re,  it  is 
reasonable  to  assume  that  the  current  passes  from  one  fiber  to  another 
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by  a  series  of  spark  gaps.  Tl>is  b.as  the  effect  of  increasing  the  number 
of  current  carrying  members,  and  thus  reduces  the  amount  of  current  carried 
by  individual  fibers.  As  a  result,  the  simulated  lightning  discharge  is 
dissipated  to  ground  through  an  enormous  number  of  conducting  fibers  and 
damage  will  be  primarily  located  in  the  outer  fiber  ply.  No  explosive 
vaporization  of  aluminum  lioneycomb  core  occurs  since  the  discharge  arc 
does  not  penetrate  the  face  sheet  of  the  sandwich  panel. 

The  argument  for  the  damage  preventing  mechanism  of  Kapton  film 
undercoating  holds  true  for  both  graphite  and  boron;  however,  the 
important  distinction  of  the  fewer  number  of  boron  fibers,  their  lower 
conductivity,  and  the  insulative  boron  sheath  over  each  fiber  tend  to 
reduce  Kapton's  ability  to  limit  current  conduction  to  the  outer  nlies 
of  fibers.  It  is  presumed  that  a  balance  can  be  reached  to  yield  a  condi¬ 
tion  that  the  destruction  of  the  boron  filaments  by  the  high  current 
densities  produces  arcing  between  fibers  while  the  dielectric  properties 
of  the  Kapton  film  impart  an  intraply  directionality  to  the  arcing.  ’'iie 
result  will  be  the  localization  of  dam.age  in  the  outer  ply  or  plies,  with 
little  current  penetration  to  the  interior  of  the  substrate. 

5.1.2  .Metal  Foil  Coated  Composites 

An  initial  series  of  tests  were  conducted  to  determine  the  effec¬ 
tiveness  of  continuous  metal  foils  and  tapes  as  lightning  protective 
devices  for  advanced  composite  miaterial.s.  Tiie  metal  foil  was  alurunun 
in  1,  2,  3  and  6  mil  thicknesses  and  provided  100  percent  coveri;.ge  of  the 
composite  surface.  In  the  simulated  lightning  test,  all  of  these  foils 
were  successful  in  preventing  puncture  of  the  boron  or  grapliite  laminates. 
The  foils  were  vaporized  at  the  contact  point  and  sizeable  areas  of 
composite  surface  were  left  bare  following  a  100  kiloampere  discharge. 

Tile  size  of  the  vaporized  aluminum  spot  is  inversely  proportional  to  the 
aluminum  thickness.  For  90-100  KA  discharges,  a  one  mil  foil  would 
display  a  2  to  2-1/2  inch  diameter  hole,  wliercas,  for  6-m.il  foil,  the 
hole  was  approiiimataly  one  inch  in  diameter.  Tliis  is  siiown  in  Figure  In. 

.All  of  these  tests  were  also  conducted  employing  glass  fabric  re¬ 
inforced  epoxy  substrates.  In  this  case  the  results  were  comparable, 
indicating  the  metal  foil  was  accepting  the  iiigh  current  levels  in  a 
normal  fashion  and  its  performance  was  not  altered  by  the  I'.igh  modulus 
reinforcing  fibers. 

Mo  difference  in  t'ne  damage  to  boron  composite  panels  was  observed 
when  the  aluminum  foil  was  applied  to  the  boron  side  or  to  -he  fiberglas 
scrim  cloth  side  of  the  prepreg. 

Ac  the  discharge  level,  i.e.,  100  K.A,  the  epoxy  g.as;  scrim  cloth 
layer  offers  no  additional  protection  to  the  composite.  This  result  was 
also  observed  in  the  tests  involving  a  Kapton  dielectric  layer  between 
the  composite  and  the  aluminum,  foil.  Visible  damage  to  the  Kapton  film 
undercoat  was  minimal  or  nonexistent.  The  metal  foil  was  able  to 
dissipate  the  energy  of  these  discharges  and  prevent  cur-ent  neneiration 
into  the  boron  or  graptulc  fibers. 


Evidence  of  high  current  concentrations  at  the  outer  edges  of  the 
panels  was  displayed  in  Panel  036.  Figure  17  shows  the  bum  spots  which 
occasionally  occur  at  the  edges  of  the  panels.  In  addition,  some  panels 
displayed  a  large  area  of  fused  aluminum  naar  the  electrical  ground 
terminal . 

Panels  subjected  to  two  successive  discharges  of  100  KA  have  shown 
the  one  mil  aluminum  foil  can  withstand  restrikes  if  the  second  contact 
point  is  directed  to  an  undamaged  area  of  the  remaining  aluminum  surface 
(Figure  18,  Panel  043).  In  this  case,  the  panel  was  first  tested  with 
the  initial  discharge  located  approximately  at  the  center  and  three  inches 
from  one  end  of  the  panel.  The  initial  discharge  vaporized  a  two  inch 
diameter  circle  of  aluminum  but  no  visible  damage  to  the  composite  occurred. 
The  panel  was  then  mounted  and  retested;  in  this  test  configuration,  the 
previously  vaporized  aluminum  hole  was  placed  between  the  discharge  prooe 
and  the  ground  (for  detailed  test  setup,  refer  to  Section  3).  The  second 
discharge  also  vaporized  a  two  inch  diameter  circle  in  the  foil  at  the 
contact  point.  In  addition,  this  discharge  vaporized  the  aluminum  which" 
remained  between  the  original  circle  and  the  panel  edges. 

One  half  mil  (0.0005")  thick  aluminum  foils  were  not  successful  in 
preventing  damage  to  the  composites.  Some  resin  scorching  at  thi  contact 
zone  was  noted  for  both  panels.  Excessive  current  conduction  by  the 
boron  fibers  of  the  outer  plies  was  suspected.  It  was  concluded  that  1 
mil  alurr.^.'ium  foil  is  the  minimum  thickness  required.  Ttiis  is  shown  in 
Figure  19  for  100  KA  discharge  protection. 

The  lack  of  transverse  strength  in  unidirec, . onal  composite  panels 
is  displayed  in  Figure  20.  Panel  041,  a  unidirectional  laminate,  was 
cracked  down  the  fiber  axis.  Panel  042,  a  hi-di rectional  laminate, 
showed  no  cracking  or  back  side  damage  but  a  comparable  amount  of  foil 
damage.  It  is  concluded  that  fiber  orientation  does  not  alter  the 
protection  efficiency  of  metal  foils. 

Lightning  strike  damage  to  the  aluminu.m  foils  protecting  boron  and 
graphite  composites  is  comparable.  Graphite  larnnates  displayed  minor 
areas  of  fiber-resin  debcnding  at  the  center  of  the  strike  zone  however. 

This  effect  was  Increased  through  the  use  of  thicker  aluminum  foils. 
Apparently,  ttie  thicker  foil  is  capable  of  dissipating  more  of  the  charge, 
but  concentrates  more  lieat  energy  in  the  same  area  or  maintaii'.s  a  high 
temperature  condition  for  a  longer  time.  These  thick  foils  provided 
evidence  of  resin  scorching  'n  both  boron  and  grephite  laminates.  The 
full  structural  effects  of  tiiis  scorching  iiave  not  been  evaluated. 

Sandwich  panels  with  aluminurt  core  and  boron  epoxy  or  graphite 
epoxy  face  sheets  are  also  protected  by  one  .,i  1  thick  aluminum  foil 
coatings.  The  test  results  shewn  in  Figure  .')  Mlustrate  that  neither 
the  front  nor  back  side  received  damage  wlien  tested  with  both  the  coating 
and  the  core  grounded.  Tiie  damage  to  the  coating  was  comparable  to  that 
displayed  by  flat  laminates.  No  damage  to  the  boron  or  graphite  panels 
was  visible  to  the  eye  in  either  case.  The  alum.inum  foil  can  witiistand 
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figure  19:  LIGHTNING  DAMAGE  TO  THIN  FOIL  COA  TED  BORON 

LAMINATES 
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the  100  KA  discharge  for  a  time  long  enough  to  prevent  attachment  of  the 
arc  to  the  composite  material.  Damage  in  these  tests  was  thus  limited 
to  the  surface  coating  only. 

Two  additional  aluminum  foil  coated  panels  (No.  195  and  196)  were 
tested.  These  results  are  illustrated  in  Figure  12.  Tlie  1-mil  th.ick 
foils  that  provided  complete  coverage  of  the  composite  panels  were  inte¬ 
grally  bonded  to  the  composite  during  panel  cure.  A  0.3-mil  primer  coat 
and  a  5-mil  topcoat  of  Dynacryl  vinyl  acrvlic  paint  were  applied  over 
the  aluminum  foil.  The  object  of  this  test  was  to  ascertain  that  with 
environmentally  stable  coatings  the  lightring  protection  efficiency  of 
the  aluminum  was  not  significantly  different  from,  that  observed  on  simple 
aluminum  foils  (Panel  No.  021  and  036,  Figure  22).  The  major  distinctioii 
between  the  two  systems  is  the  "halo"  effect  observed  on  bare  aluminum 
due  to  metal  vaporization.  The  painted  aluminum  displays  a  ragged,  peel¬ 
ing  type  of  damage.  This  is  due  to  surface  topcoat  confinement  of  the 
pressure  from  aluminum  vapor.  This  confining  force  is  not  large  enough 
to  cause  mechanical  damage  to  the  composite  but  can  lead  to  additional 
local  heating.  These  results  indicate  that  environmentally  protective 
coatings  can  successfully  be  applied  over  lightning  protective  coatings 
with  a  minimal  loss  of  lightning  protection  efficiency. 

Other  metal  foils  were  investigated,  also.  .A  one-half  mil  thick 
continuous  nickel  foil  was  nearly  destroyed  by  the  discharge,  but  quite 
successfully  protected  a  boron  reinforced  panel  from  100  lv.A  discharge 
currents  (Panel  Do.  llo ,  Fig-ore  23).  Although  a  slight  darkening  occurred 
at  the  discliarge  arc  contact  point,  the  epoxy  under  this  was  not  visibly 
damaged.  However,  half  mil  nickel  foil  was  not  as  successful  in  protect¬ 
ing  graphite  composites  (Panel  No.  115,  Figure  23).  The  foil  was  delam¬ 
inated  from  the  panel,  torn  near  the  ground  connection  and  severely  dis¬ 
colored.  A  three-inch  di-ameter  mark  on  the  substrate  was  burned  at  the 
discharge  point  thougli  no  back  side  damage  was  visible.  A  1-mil  thick 
nickel  foil  was  also  integrally  bonded  to  a  grapliite  reinforced  lartinate 
(Panel  No.  154).  The  thicker  foil  displayed  good  protective  qualities 
and  prevented  current  penetration  to  the  graphite  reinforcing  fibers. 

Damage  was  limited  to  the  vaporization  of  a  sm.all  area  of  the  nickel  foil. 

In  summary,  a  1-mi  1  nickel  foil  behaves  m.ucii  the  same  as  aluminum 
foil  when  employed  as  a  lightning  protective  device;  a  1  mil  thick  foil 
is  required  to  provide  a  protective  coating  for  boron  and  grapliite  substrate 
at  a  moderate  100  KA  discharge.  One-half  nil  thick  nickel  foils  provide 
good  lightning  protection  qualities  to  boron  but  not  graphite  reinforced 
composites . 

Two  mil  copper  foils  (Panel  No.  099,  101)  behave  much  like  comparable 
thickness  aluminum  foils  in  the  protection  they  offer  to  bori'n  and  graph¬ 
ite  reinforced  plastics  (Figure  24).  At  100  KA  discharge  levels,  foil 
damage  was  restricted  to  the  vaporization  of  a  circle  approxirr.atelv  one 
and  a  half  inches  in  diameter  and  no  damage  to  the  substrate  under  the 
vaporized  foil  was  observed.  The  rough  edge  of  the  circle  has  ju-eled 
away  from  the  com.posite  and  displavs  heat  di  see  lo  r  at  i  cn  .  Burning  and 
vaporization  of  the  metal  at  the  ground  connection  also  occurred  and 
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resulted  in  a  series  of  small  holes  in  the  foil;  however,  the  epoxy 
matrix  under  these  holes  was  not  damaged.  In  comparison  with  aluminum 
foils,  the  additional  conductivity  of  copper  does  not  markedly  improve 
its  lightning  protection  characteristics,  and  the  liigher  density  of 
copper  yields  a  weight  penalty.  This  weight  penalty  exists  for  all  con¬ 
ductive  metals  and  their  alloys,  except  alaminum. 

5.1.3  Expendable  Metal  Strip  Coatings 

Metal  protective  strips  have  also  effectively  protected  the  composites 
from  a  lightning  discharge.  One  inch  wide,  3-mil  thick  tapes  were  bonded 
to  the  periphery  of  the  panel  and  down  the  center  (Panel  No.  920,  049/ 
Figure  25).  The  discharge  was  directed  to  the  center  tape.  The  aluminum 
tape  was  severely  damaged  by  the  discharge,  the  center  tape  being  both 
vaporized  and  blown  from  the  panel.  Damage  was  not  restricted  to  this 
center  tape,  however.  Bubbling  at  tape  lap  joints  and  oeeling  at  corners 
was  observed.  This  Indicates  that  the  current  was  carried  to  ground  by 
all  three  of  the  tapes  and  not  by  just  the  center  one.  Some  arcing  from 
the  center  to  the  two  edge  tapes  occurred  as  evidenced  by  the  scorching 
of  the  resin  and  vaporization  of  metal  along  the  inside  edges  of  the  two 
edge  tapes  opposite  the  probe.  Amazingly,  except  at  the  top  joints,  the 
conductive  adhesive  which  bonded  these  tapes  to  the  laminates  was  un¬ 
harmed.  The  resin  was  still  tacky  and  the  embedded  copper  particles 
were  visible  to  the  naked  eye.  Panel  049  (Figure  25)  utilized  a  con¬ 
tinuous  6-mil  thick  aluminum  foil  about  the  periphery  and  down  the  panel 
center.  Discharge  damage  was  much  less  than  that  displayed  by  the  3-mil 
aluminum  tape  of  Panel  020.  Other  foil  geometries  displayed  the  same 
effect  and  none  gave  evidence  of  damage  to  the  boron  or  the  graphite. 
Evidently  a  continuous  path  to  ground  is  a  preferred  protective  system. 

One  inch  wide,  3-mil  thick  aluminum  strips  were  also  tested  at  a 
1 70  KA  discharge  level  as  shown  in  Figure  26,  Panels  228  and  229.  The 
strips  were  bonded  around  the  panel  periphery  and  one  strip  was  along 
the  12-inch  panel  center.  Discharge  was  directed  coward  this  center  tape. 
The  tapes  them.selves  were  completely  destroyed  by  this  discharge,  v't'.ile 
the  graphite  fiber  reinforced  laminate  was  badly  scorched  on  the  front 
surface.  Apparently  this  type  of  metal  geometry  or  the  method  of  bonding 
(rubber  based  adhesive)  does  not  impart  sufficient  dissipation  character¬ 
istics.  This  method  is  also  rejected  on  the  basis  of  tie  large  open 
areas  left  on  the  panel  surface.  These  tests  have  shown  that  metal 
geometry  can  force  the  discharge  current  along  directional  pathways  with¬ 
out  increasing  composite  damage  or  reducing  metal  effectiveness. 

5.1.4  Wire  Fabric  Coatings 

Tlie  success  of  aluminum  metal  foils  as  a  lightning  protective  coat¬ 
ing  for  boron  fiber  and  graphite  fiber  reinforced  composites  prompted  the 
study  of  other  continuous  metal  systems.  One  m.ethod  of  providing  a 
continuous  conducting  member  is  to  utilize  a  woven  wire  fabric  or  a  knitted 
wire  mesh  as  the  conductor.  Such  systems  can  be  easilv  incorporated  into 
advanced  composite  design  and  manufacture.  Development  of  this  ronf;ppt 
focused  first  on  single  wires  and  very  heavy  fabrics.  This  effort  was 
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Figure  25,  LIGHTNING  DAMAGE  TO  EXPENDABL  £  METAL  STRIP  COA  TINGS 
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then  refined  to  aetermine  Che  sultabilitv  of  finer  wire  fabrics  and  metals 
other  chan  aluminum. 

Control  tests  employing  2-mil  diameter  copper  wires  have  shown  wire 
density  to  play  an  important  role  in  the  protection  performance  of  wire 
fabric  coatings.  Wires  were  bonded  to  test  panels  such  that  the  inter¬ 
wire  spacing  was  1/2-inch  along  the  6-inch  direction  and  2  inches  along 
the  12-inch  direction.  Each  wire  was  individually  bonded  with  a  bead 
of  BMS  5-29J,  a  room  temperature  curing  epoxy-polyamide.  The  boron 
panel  (Panel  Nc.  96)  as  shown  in  Figure  27  was  completely  fractured  along 
the  6-inch  direction  at  the  arc  attachment  point  and  also  from  this 
point  CO  the  end  away  from  ground;  the  panel  was  also  completely  severed 
across  the  6-inch  dimension  approximately  1  inch  and  2  inches  away  from 
ground.  These  fractures  are  not  too  obvious  in  Figure  27.  In  addition 
a  1/2-inch  wide  and  5-lnch  long  scrip  of  composite  was  completely 
destroyed  at  the  arc  attacliment  point.  All  of  the  wires  between  tlie 
stroke  attachment  and  ground  were  vaporized  as  was  some  of  the  resin 
used  CO  bond  wires.  The  graphite  panel  (Panel  No.  100)  was  extensively 
delaminated  near  the  attachment  point  and  nearly  severed  at  a  point  3 
Inches  nearer  ground.  The  grounded  wires  were  completely  destroyed, 
while  the  orthogonal  ones  were  not.  Evidence  of  extensive  resin  scorch¬ 
ing  and  fiber  conduction  was  present.  It  was  obvious  that  the  graphite 
fibers  carried  more  of  the  current  load  than  did  their  boron  counterparts. 
The  Cupper  wires  were  very  efficient  in  conducting  current  away  from  the 
attachment  point,  but  not  of  sufficient  number  and/or  size  to  prevent 
d.irrage  to  the  composite. 

An  additional  boron  panel  (Panel  No.  178)  as  shown  in  Figure  28 
was  also  tested.  This  panel  was  a  standard  5-ply  flat  laminate  with  the 
outer  fly  oriented  along  the  6-inch  panel  edge  in  contrast  to  the  previous 
panels  whicli  had  the  outer  fiber  plies  oriented  along  the  12-inch  direc¬ 
tion.  With  the  outer  fibers  oriented  in  the  6-inch  direction,  none  of 
them  traced  a  path  to  electrical  ground;  in  effect,  the  outer  fiber  ply 
should  act  as  an  insulating  layer  In  this  test  configuration.  .A  70  KA 
discharge  was  initiated  to  this  test  panel.  Damage  wa.s  observed  to  lie 
in  the  form  of  several  cracks  along  the  full  6-inch  width.  This  appeared 
to  be  due  to  intense  local  heating  and/or  the  explosive  pressure  of  the 
copper  wire.  Damage  to  the  panel  was  less  than  that  observed  previously, 
but  the  magnitude  of  the  peak  discharge  current  was  also  less  (70  K.\ 
compared  with  114  KA) .  Nevertheless,  the  wire  densiiv  is  Insuficlent 
to  prevent  structural  damage  to  the  boron  composite. 

A  glass  fiber  reinforced  panel  (No.  179)  was  coated  with  copper 
wires  in  a  similar  fashion,  Discharge  to  this  panel  left  i7,any  of  tlie 
wires  at  the  edges  still  Intact,  but  destroyed  the  wires  as  well  as  their 
resin  binder  which  were  more  centrally  located  (Figure  28).  Tlie  copper 
wires  were  very  efficient  in  their  prevention  of  damage  to  this  panel. 

The  type  of  behavior  observed  appears  to  be  a  combination  of  wire  con¬ 
duction  coupled  with  some  surface  flashover  to  ground. 
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These  tescs  have  shown  chat  there  are  no  inherent  difficulties  in  the 
use  of  wire  coatings.  In  fact  the  degree  of  damage  to  the  composites  must 
be  considered  very  minimal  in  view  of  the  nature  of  the  coating.  The  wires 
appear  to  guide  the  lightning  arc  to  the  ground  terminal  with  an  amazing 
efficiency. 

the  next  series  of  tests  were  designed  to  study  the  efficiency  of 
woven  wire  fabrics.  The  first  tests  utilized  a  60  by  60  mesh,  8-mil 
diameter,  alum.inum  wire  fabric  which  is  equivalent  in  metal  weight  to 
6.0-mils  of  continuous  aluminum  foil. 

As  expected,  the  60  mesh  aluminum  fabric  provided  excellent  light¬ 
ning  protection  to  boron  (Panel  No.  134)  and  graphite  (Panel  No.  135) 
reinforced  laminates  (Figure  29).  The  damage  to  the  fabric  closely 
resembled  that  observed  for  comparable  metal  foils.  That  is,  the  damage 
is  limited  to  a  small  hole  in  the  fabric  at  the  discharge  zone  and  some 
burning  at  the  ground  connection.  No  back  side  damage  was  recorded  and 
very  little  scorching  of  the  resin  bonding  the  laminate  and  fabric 
occurred. 

The  same  fabric  was  also  applied  in  the  form  of  a  protective  strip 
(Panel  No.  136,  137  and  138),  The  discharge  was  directed  to  a  1/2  inch 
wide  strip  of  fabric  near  the  center  of  the  laminate.  The  fabric  axes 
were  45”  with  respect  to  the  panel  edge  and  no  single  wire  traced  a 
continuous  pathway  to  ground.  The  discharge  completely  destroyed  this 
center  strip,  but  did  not  damage  the  reinforced  epoxy  substrate  (Figure 
29),  A  gray,  smoke-like  deposit  remained  over  much  of  the  panel  surface 
and  indicated  that  some  arcing  across  the  face  to  the  outer  productive 
fabric  scrips  might  have  occurred.  In  these  tests,  the  damage  to  tlie 
coatings  on  boron  and  graphite  reinforced  panels  was  comparable.  Damage 
to  the  coatings  over  a  glass  reinforced  epoxy  appeared  to  be  slightly 
less  than  tlie  high  modulus  composites. 

The  test  results  of  this  same  60  by  60  mesh  aluminum  fabric  with  a 
two  component  discharge  as  shown  in  Figure  30  were  surprising  since  tlie 
boron  substrate  was  not  burned  through.  The  coated  boron  composite  (Panel 
No.  225)  received  a  total  charge  transfer  of  360  coulombs  and  the  result 
was  a  burned  boron  laminate  which  displayed  a  'Tiot  spot”  on  the  back  side. 
Most  of  the  aluminum  was  melted  or  vaporized  away  from  the  composite 
surface.  A  similar  test  at  a  lower  coulomb  transfer  level  caused  a  small 
hole  to  be  burned  through  the  graphite  fiber  reinforced  composite  (Panel 
No.  247).  The  high  coulomb  damage  to  both  composites  must  be  considered 
severe  but  the  coating  provided  adequate  protection  against  the  high 
.imperage  component. 

Boron  fiber  and  graphite  fiber  reinforced  composites  were  also  coated 
with  a  finer,  120  by  120  mesh  twilled  weave  aluminum  wire  fabric.  This 
fine  wire  fabric  employed  a  4.0-mil  diameter  5056  alloy  wire  and  was 
bonded  to  tlie  panels  in  a  secondary  bonding  process  using  KMS  5-29,  an 
epoxy-polyamide.  This  coating  survived  very  high  energy  discharges  with 
remarkablv  little  damage  to  the  coating  or  to  the  composite  (Figure  31), 
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F,gure  29  LIGHTNING  DAMAGE  TO  COMEOSITE  LAMINA  TES  COATED  WITH  ALUMINUM  WIRE 
FABRICS 
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Figure  30  HIGH  COULOMB  DISCHARGE  BURN  DAMAGE  TO  ALUMINUM  WIRE  FABRIC  COATED 
BORON, EPOXY  AND  GRAPHITE/EPOXY  LAMINA  TES 
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Figure  30.  HIGH  COULOMB  DISCHARGE  BURN  DAMAGE  TO  ALUMINUM  WIRE  FABRIC  COA  TED 
BORON 'EPOXY  AND  GRAPHITE/EPOXY  LAMINA  TES 


A  200  K.A  discharge  to  the  boron  fiber  reinforced  composite  (Panel  No.  233) 
damaged  only  the  coating.  Only  a  small  pin-hole  in  the  epoxy  matrix  could 
be  detected  in  the  composite.  This  may  have  been  due  to  collision  of  the 
probe  wltli  the  panel  during  discharge.  When  tlie  same  coating  was  tested 
over  a  graphite-fiber  reinforced  composite  (Panel  No.  234),  the  same  result 
was  obtained.  A  178  KA  discharge  resulted  in  no  evidence  of  damage  to  the 
composite  although  some  of  the  fabric  was  burned  away. 

ibis  same  fabric  was  also  tested  under  high  coulomb  transfer  condi¬ 
tions.  The  coating  was  bonded  to  the  composites  in  the  same  manner  as 
above  and  covered  the  entire  laminate  surface.  A  400  coulomb  transfer 
test  to  the  graphite  fiber  reinforced  composite  (Panel  No.  240)  was 
sufficient  to  burn  a  small  hole  through  the  laminate.  Th.e  hole  was 
conical  shaped,  being  about  1  Inch  in  diameter  at  the  near  side  and  about 
1/2  inch  in  diameter  at  Che  back  side.  The  fabric  coating  was  damaged 
only  in  the  direct  vicinity  of  the  hole,  indicating  the  currents  were 
carried  by  the  fibers  as  well  as  the  aluminum  fabric.  No  evidence  of 
f lashover- type  behavior  was  found. 

Similarly,  a  500  coulomb  transfer  test  to  a  coated  boron  composite 
(Panel  No.  241)  burned  a  two  inch  diameter  hole  in  the  composite.  Some 
evidence  of  boron  filament  damage  along  the  arc  contact-electrical  ground 
line  was  visible.  This  included  a  mottled,  1/4  inch  wide,  brown  discolora¬ 
tion  of  the  composite  along  this  axis.  At  Che  hole,  resolidified  boron, 
tungsten  and  aluminum  were  found  in  large  globular  masses  at  the  edges. 

An  additional  test  as  shown  in  Figure  32  of  this  type  of  wire  fabric 
employed  a  100  by  100  mesh,  3-nil  twilled  weave  aiuninun.  A  3-mil 
Kapton  film  underlayer  was  also  applied.  Discharge  to  these  panels 
(N'o.  249,  250)  illustrated  that  the  discharge  arc  extinguished  itself 
after  very  low  coulomb  transfer  to  the  cor.posite.  This  was  because  tl.c 
arc  channel  was  forced  to  extend  as  the  wire  mass  depleted  and  the 
generator  voltage  could  only  maintain  a  liiniced  length  nf  an  air  arc. 
liowevet,  this  is  indicative  of  excellent  protection  to  the  reinforcing 
fibers  hy  the  Kapton  film  and  excellent  current  conduction  of  the  alum¬ 
inum.  The  wire  fabric  dissipated  the  current  with  some  lo.ss  of  wire  due 
10  vaporization.  The  Kapton  dielectric  assured  that  chie  are  was  kept 
exterior  to  the  composite  substrate. 

Two  hundred  mesh  aluminum  wire  fabric  (Panel  No.  118,  123  and  124, 
Figure  33)  provided  exceptional  protection  to  both  the  panel  and  the 
protective  coating.  Very  little  destruction  of  tl.e  wires  was  observed 
and  that  which  did  occur  appeared  randomly  distributed  about  the  discharge 
zone.  In  contrast  to  a  1-mil  aluminum  foil,  much  of  the  area  near  tlie 
discharge  was  still  intact  and  could  presumably  conduct  additional 
current  loads.  With  both  aluminum  and  pliosphor-b ronze  fabrics,  damage 
to  the  screen  pr^'tecting  graphite  was  more  excessive  than  that  protecting 
boron.  This  is  possibly  indicative  of  som.e  current  conduction  bv  t'ne 
graph i te . 
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Figure  32:  hiGH  COULOMB  DAMACF  TO  ALUMINUM  V.IRE  FABRIC  KAPTON  FILM  COATED  BORON.' 

EPOXY  AND  GRAPHITE  EPOXY  LAMINATES 
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The  graphite  panel  was  tested  twice.  The  discharge  fcr  the  second  ' 

test  was  directed  to  an  undamaged  portion  of  the  fabric.  The  fabric  was  ' 

torn  from  the  panel  surface,  but  successfully  dissipated  the  charge  in 
both  instances.  In  fact,  the  coating  must  be  judged  better  than  1-mil 
thick  aluminum  foil  especially  when  restrlke  protection  is  considered. 

It  is  important  to  note  that  the  resin  overlay  does  not  impart  structural 
damage  to  the  composite  because  the  exploding  wires  are  not  fully  con¬ 
fined  during  the  discharge. 

Additional  tests  shown  in  Figure  34  at  200  KA  have  proven  this  coat¬ 
ing  concept  CO  perform  well  even  at  extremely  high  discharge  levels.  A 
surface  flashover  pattern  was  evident  for  both  panels.  The  boron  fiber 
reinforced  composite  was  punctured  with  a  few  very  small  holes  however. 

No  other  damage  to  Che  panels  was  visible. 

nigh  coulomb  transfer  tests  to  panels  as  shown  in  Fioure  35  coated 
with  this  wire  fabric  have  also  illustrated  this  system  to  perform  well. 

Both  boron  fiber  (Pjmel  No.  252)  and  graphite  fiber  (Panel  251)  reinforced 
composites  were  severely  burned  by  this  test,  but  neither  was  punctured. 

Damage  to  the  boron  fiber  reinforced  laminate  was  primarily  to  Che  coating 
and  Che  first  ply  of  reinforcing  fibers.  The  damage  was  mostly  thermal. 

The  graphite  fiber  reinforced  composite  was  delaminated  and  the  first 
three  plies  of  fibers  were  destroyed  at  the  contact  zone. 

This  system  is  considered  to  be  the  most  promising  of  the  continuous 
netal  coatings  available. 

Other  wire  fabrics  were  also  studied  but  found  to  be  inferior  to 
aluminum  in  terms  of  the  conductivity/weight  ratio.  For  example,  a  olain 
weave,  4.5-mil  diameter  wire,  100  mesh  bronze  fabric  was  able  to  with¬ 
stand  100  kiloampere  discharges  with  a  minimum  of  damage  to  the  fabric 
and  no  visible  damage  to  the  boron  or  graphite  substrate.  Figure  36 
compares  the  damage  to  boron,  graphite  and  fiberglas  coated  pan-'ls. 

In  all  cases,  a  1  to  1-1/2  inch  diameter  hole  was  burned  in  the  fabric 
although  little  damage  was  done  to  the  epoxy  adhesive  underlayer.  Panels 
066,  077  and  178  displayed  no  damage  to  the  fabric  due  to  arcing  between 
metal  fibers.  In  these  panels,  no  single  wire  traced  a  continuous  path 
from  the  probe  to  ground.  The  burn  marks  at  the  bottom  of  these  panels 
were  introduced  by  arcing  between  the  fabric  and  the  copper  braid  used 
for  the  ground  electrode.  The  highly  reflecting  areas  of  these  panels 
are  due  to  resin  b leed- through . 

A  similar,  but  lighter  bronze  fabric  was  shown  (Figure  37)  to  be  • 

moderately  successful  in  dissipating  high  coulomb  transfer  currents. 

The  fabric,  a  120  by  120  plain  weave  utilized  a  3.5-mil  phosphor  bronze 
wire.  A  225  coulomb  transfer  component  to  the  graphite  fiber  reinforced 
composite  (Panel  246)  burned  through  the  outer  three  plies  of  the  composite. 

Ti\e  fabric  dissipated  much  of  the  current.  The  result  was  further 
illustrated  with  the  boron  fiber  reinforced  laminate  (Panel  No.  248). 

In  this  case,  damage  was  to  the  resin  and  the  fabric.  Little  damage  to 
the  fibers  were  discernible. 
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Figure  35.  HIGH  COULOMB  TRANSFER  TEST  DAMAGE  TO  200  BY  200  MESH  ALUMINUM  FABRIC 
COA  TED  COMPOS!  TES 
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Two-hundred  mesh  phosphor-bronze  wire  fabric  was  also  studied. 

Discharge  to  these  coatings  resulted  in  extensive  damage  to  the  wire  fabric, 
but  no  damage  to  boron  or  graphite  composites.  Damage  to  the  fabric  in¬ 
cluded  total  vaporization  in  areas  near  the  discharge  contact  and  ocher 
areas  which  appeared  resin  poor.  Wire  damage  was  extraordinarily  direc¬ 
tional  as  shown  by  the  lines  in  Figure  38. 

This  same  200  by  200  mesh  fabric  was  Incapable  of  protecting  high 
modulus  composites  from  hig*-  ^perage  tests  however.  The  graphite 
fiber  reinforced  composite  ^Fanel  No.  230,  Figure  39)  displayed  some 
delamlnaclon  and  local  resin  charring  after  a  154  KA  discharge.  Most  of 
the  fabric  was  destroyed  by  the  discharge.  The  boron  fiber  reinforced 
composite  (Panel  No.  231)  was  seriously  damaged  by  a  170  KA  discharge. 

The  surface  of  the  coating  displayed  several  areas  of  arcing  damage 
from  the  coating  to  the  fiber.  Additionally,  the  panel  was  warped  from 
Che  point  of  strike  contact  to  electrical  ground.  Since  the  radius  of 
curvature  was  fairly  constant,  it  can  be  concluded  that  all  or  nearly 
all  of  the  fibers  in  this  location  were  damaged.  This  was  the  only  panel 
to  display  this  behavior. 


Finally,  one  extremely  fine  stainless  steel  fabric  with  325  by  325 
mesh  and  1.4-mil  diameter  wire  was  tested  as  shown  in  Figure  40.  The 
fabric  was  integrally  bonded  to  the  composites  and  provided  complete 
coverage  of  one  face  of  the  laminate.  The  high  amperage  discharges  to 
the  panels  punctured  the  fabric  coating,  caused  severe  delamination 
and  cracking  of  the  laminates.  The  poorly  conducting  steel  did  not  per¬ 
form  well  as  a  protective  coating. 

It  is  concluded  from  all  of  these  tests  that  wire  fabric  coatings 
can  provide  excellent  lightning  protection  to  high  modulus  composites. 
Only  highly  conductive  metals  or  their  alloys  work  well,  and  weight 
considerations-  and  costs  restrict  the  choice  of  metal  to  aluminum. 

Other  conductive  metals  are  too  dense  or  too  expensive. 

5.1.5  Knitted  Wire  Mesh 


Tile  purcess  of  aluminum  wire  fabrics  in  protecting  high  modulus 
composites  from  iiglitning  discharge  led  to  the  study  of  knitted  aluminum 
wire  systems.  The  development  of  this  concept  focused  on  reducing  weight 
and  cost,  and  improving  processability. 


Knitted  mesh  has  the  added  a 
offers  the  greatest  ease  of  fabrl 
first  material  employed  was  a  sil 
0.0035  inch  diameter  wire  and  12 
space  was  about  95  percent  of  the 
bonded  to  the  panels  with  a  tape 
utilized  the  tape  adhesive  as  an 
193)  utilized  it  as  an  underlay, 
nearly  all  the  wire  fabric  in  res 
surface  of  the  graphite  panel.  F 


dvantage  of  being  quite  flexible  and 
cation  of  the  continuous  coatings.  The 
ver-plated  brass  knitted  mesh,  with 
to  15  openings  per  inch.  The  open 
covered  area.  The /»’ire  mesh  was 
adhesive.  The  boron  panel  (No.  194) 
overlay  while  the  graphite  panel  (No. 

In  both  cases,  resin  flow  embedded 
in;  however,  more  wire  protruded  at  the 
ollowing  simulated  lightning  discharges 
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Figure  39:  SI.MiJLA  TFP  L'r,HT\/':G  DISCHARCF  DAVACiF  TO  FI,\'F  nFO\‘ZE  WIRE  FABRIC 

CO  A  TED  COMPOS!  7ES 


damage  to  the  wire  mesh  was  severe,  but  no  structural  damage  to  the 
reinforced  composites  could  be  discerned  (Figure  41) .  The  deunage  to 
the  panels  is  less  severe  than  it  appears  in  the  photograph.  The  success 
of  this  system  led  to  the  investigation  of  other  coatings  which  utilize 
an  aluminum  wire.  Aluminum  is  chosen  due  to  its  conduccivity/weight  ratio 
and  the  damage  to  the  silver-plated  brass  coating  was  at  least  in  part  due 
to  the  higher  electrical  resistance  of  brass.  Initial  investigations 
focused  on  varying  wire  diameter  at  constant  mesh  density.  These  studies 
were  followed  by  a  series  which  investigated  the  effects  of  mesh  density. 
This  resulted  in  the  advancement  of  a  knitted  wire  coating  to  the  Phase 
III  testing  sequence. 

A  5  by  9  me;h  coating  was  investigated  with  different  aluminum  wire 
diameters.  The  heaviest  wire  was  10  mils  in  diameter.  This  combination 
provided  the  same  density  of  metal  on  the  composite  surface  as  the  200 
by  200  mesh  woven  aluminum.  This  mesh  coating  offered  som.e  protection 
to  both  boron  and  graphite  composites  as  shown  In  Figure  42  (Panel  212, 
213).  Evidence  of  surface  flashover  and  resin  scorching  at  the  surface 
was  observed. 

UTien  the  wire  diameter  was  reduced  to  8  mils,  very  comparable  results 
were  obtained  for  the  boron  composite  panel  (Panel  210,  Figure  43).  The 
resin  displayed  the  expected  Increase  in  degree  of  scorching.  The  graphite 
composite  (Panel  208,  Figure  43)  utilized  a  1  mil  thick  Kapton  film  under¬ 
coat.  The  panel  was  not  delaminated  and  no  damiage  could  be  detected. 

Slightly  finer  fabrics  employing  6-m.il  diar-eter  wires  were  found 
successful  in  protecting  boron  composites  (Panel  211,  216,  Figure  44) 
but  were  unsuccessful  in  protecting  graphite  composites  (Panel  214,  215) 
even  though  Kapton  film  underlayers  were  provided.  Additional  tests 
with  other  mesh  sizes  and  underlayers  merely  confirmed  these  results. 

Finer  meshes  were  studied  using  s-mi  1  diar.eter  wires.  A  total  of 
13  tests  to  12  panels  found  metal  density  to  be  the  most  important 
parameter  for  lightning  protection  purpose.  These  12  panels  are  207,  209, 
218,  219,  220,  221,  222,  223,  224,  227,  236  and  237.  All  of  the  4  nil 
diameter  wire  me.sl’.es  provided  good  protection  to  bt'ron  reinforced  lam¬ 
inates  at  moderate  discharges,  but  failed  at  *'igh  discharge  (ca  175  KA) 
levels.  Even  at  thi.s  level,  the  punctures  were  small  and  surface  flash- 
over  patterns  were  evident.  Protection  of  graptiite  composites  by  the.se 
fal)rics  was  not  as  good.  The  panels  displayed  surface  burns  by  mioderate 
discharge  levels  and  1-ir.ch  by  2-inch  delam.inated  outer  plies  by  t'.igh 
di.-charge  levels.  Kapton  film  provided  little  additional  protection  to 
the.se  lum.inate.s. 

In  summary,  a  very  coarse  knitted  mesh  can  offer  good  lightning 
pr.'tecLion  to  grapliite  reinforced  epoxy  laminates  provided  a  sufficientlv 
large  wire  diameter  is  u.sed.  These  coatings  provide  good  protection  to 
boron  reinforced  composites,  providing  a  means  for  surface  flashover  to 
dissipate  th.-;  lightning  currents.  Metal  density  per  unit  surface  area 
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Figiiro  43  SIMULA  TFD  LIG--'T\:\U  DiSrHA-Lr,!  DAMAG;  TO  KM  TT:  P  ALOM/XUM  'A'IRE  MESH 
CCA  TED  COMPOS' !  i  i  A  Ml  XA  TES 
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is  the  prime  factor  in  determining  the  lightning  protection  offered  by 
knitted  mesh.  For  the  same  metal  density,  finer  fabrics  are  preferred. 

5.1.6  Plasma  and  Flame  Sprayed  Aluminurr,  Coatings 

Surface  coatings  of  flame  sprayed  aluminum  were  very  effective  in 
preventing  damage  to  boron  composite  panels  for  100  KA  discharges  (Panel 
029,  Figure  45).  The  4  mil  coating  showed  discoloration  and  some  crack¬ 
ing  in  the  immediate  vicinity  of  the  probe,  but  no  other  damage.  A  160 
kiloampere  oscillatory  discharge  caused  extensive  damage  to  the  coated 
panel  (Panel  030,  Figure  45). 

Plasma  sprayed  aluminum  displayed  quite  a  different  protective 
be'navior.  Two  and  six  mil  plasma  sprayed  coatings  on  boron  substrates 
(Panel  072,  073,  Figure  46)  were  vaporized  at  the  contact  zone,  much  like 
the  aluminum  foil.  In  addition,  the  2-nl 1  coating  was  severely  cracked. 
Plasma  sprayed  aluminum  provides  a  less  effective  protection  of  graphite 
composites  (Panel  068,  074,  Figure  46).  In  this  case,  the  panels  with 
2  and  5-mil  coatings  were  severely  cracked  and  evidence  of  current  con¬ 
duction  by  the  fibers  is  present.  The  damage  to  Panel  068  is  somewhat 
ambiguous  as  the  outer  plies  of  the  graphite  were  burned  during  the 
plasma  spray  process.  Consequently,  this  coating  presented  a  worst  case 
configuration  to  the  discharge.  The  plasma  spray  coating  on  the  panel  was 
.severely  cracked  along  the  two  fiber  axes  and  there  was  significant 
puncture  damage  on  the  back  side  of  the  substrate. 

5.1.7  Metal  Pigmented  Paint 

Kpoxy,  urethane  and  silicone  paints  have  been  pigmented  with  differ¬ 
ent  metals,  e.g.,  silver,  copper,  and  aluminum,  to  form  several  coating 
systems.  Of  these  metals,  silver  is  the  only  effective  particulate 
conductor . 

Three  mil  silver  epoxy  paints  were  too  thin  to  provide  an  effective 
coating.  This  is  shown  in  Panel  091,  Figure  47.  There  is  considerable- 
evidence  of  surface  flashover,  especially  to  the  outer  edge.s  of  the 
panel.  Current  was  conducted  into  the  boron  fibers,  however,  as  shown 
by  the  serie.s  of  small  puncture  holes  across  the  substrate.  Svstems 
utilizing  this  same  silver  pigmented  epoxy  over  a  conductive  inner  layer 
were  also  Ineffective.  Pyralin  cloth  with  a  20  ohm'square  resistance  was 
integrally  bonded  to  the  panels  and  then  painted  with  2  to  4  mils  of 
silver  paint.  Damage  to  the  fiber  glass  control  panel  (Panel  065, 

Figure  47)  was  limited  to  a  small  burn  spot  in  the  paint  and  residual 
markings  due  to  a  surface  flashover.  Ir.terestinglv,  the  surface  flash- 
over  occurred  first  to  the  outer  panel  edges  and  then  to  ground.  This 
same  coating  system  was  Ineffective  in  preventing  puncture  of  either  boron 
(Panel  092)  or  graphite  (Panel  090)  laminates  (Figure  -.7).  Surface 
flasticver  was  promoted,  as  evidenced  by  the  surface  markings,  although 
considerable  current  loads  were  carried  by  the  fibers. 


Figure  45: 


DAMAGE  TO  FLAME-SPFtA  YED  ALUMINUM  COA  TED  COMPOSITE  LAMINA  TES 
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Silver  pigmented  epoxies  were  also  applied  to  composite  panels  by 
spraying  end  the  panel  edges  were  covered  with  a  3-mil  thick,  1-lnch  wide 
aluminum  tape.  Discharge  to  the  boron  panel  (Panel  No.  IOj,  Figure  48) 
resulted  in  a  very  slight  surface  discoloration  and  destruction  of  the 
tape.  The  paint  surface  was  neither  cracked  nor  pitted  but  was  covered 
with  a  light  yellow-brown  film.  The  aluminum  strips  were  blown  from  the 
panel  edges  bu>  left  much  of  the  adhesive  beb.ind.  Tlie  current  apparently 
arced  between  the  two  aluminum  scrips.  This  is  shown  by  the  aluminum 
deposits  acrosa  the  face  of  the  panel. 

The  same  coating  system  was  less  successful  in  protecting  graphite 
composites  (Panel  No.  102,  Figure  48).  The  paint  was  cracked  or  chipped 
away  in  a  large  area  and  fiber  conduction  was  apparent.  Damage  to  the 
alum.inum  strips  was  primarily  due  to  electromagnetic  forces  and  portions 
of  the  strips  were  torn  froin  the  panel.  The  aluminum  between  the  dis¬ 
charge  area  and  ground  was  less  disturbed  chan  that  on  the  boron  panel  as 
shown  in  Figure  48.  This  points  out  the  difference  in  the  success  of  the 
same  coating  on  the  different  substrates.  The  discharge  to  the  boron  panel 
was  dissipated  by  surface  flashover  and  remained  external  to  the  com¬ 
posite  while  the  discharge  to  the  graphite  panel  traveled  through  the 
coating  as  well  as  the  fibers.  The  more  numerous  graphite  fibers  as 
well  an  graphite's  inherent  conductive  properties  make  graphite  com¬ 
posites  less  resistant  to  current  penetration  Chan  their  boron  counter¬ 
parts.  It  is  also  important  to  note  that  boron  composites  nave  the 
additional  insulative  property  of  the  boron  slieath  which  surrounds  the 
conductive  core  of  the  fibers. 

A  silver  pigmented  epoxy  coating  was  also  applied  in  the  form  ('f  pre¬ 
impregnated  181E  style  glass  fabric.  The  fabric  was  directly  bonded  to 
the  test  panels  (Panel  No.  121  and  122)  during  cure  and  formed  an  integral 
part  of  the  laminate.  (The  fabric  was  of  limited  supply  and  the  5-inch 
by  10-incli  pieces  did  not  completely  cover  the  6  inch,  bv  12  inch  test 
panels).  Discharge  damage  to  the  boron  composite  (Figure  48,  Panel  No. 

122)  resulted  l.n  extreme  discoloration  of  the  coating,  some  resin  burning 
at  contact  and  a  series  of  cracks  between  the  stroke  attachment  point  and 
ground.  .A  small  back  side  puncture  was  the  only  visible  damage  to  the 
panel.  It  is  believed  this  puncture  was  caused  by  im.pact  with  the  dis¬ 
charge  probe  and  not  to  the  discharge  current.  In  contrast,  the  graphite 
panel  (Figure  48,  Panel  No.  121)  was  blackened  about  the  .stroke  attach, - 
ment  point,  but  not  between  this  point  and  ground.  Tne  epoxv  matrix  was 
cracked.  The  coating  fabric  was  extensively  delaminated  from  the 
grapliite  matrix  and  miglit  be  an  indication  of  graphite  fiber  conduc  t  iens  . 
This  coating  system  appears  to  be  an  improvement  over  the  simple  silver- 
epoxy  paint  system. 

Conventional  aluminum  and  copper  filled  p.aints  provided  excellent 
lightning  protection  for  the  glass  reinforced  test  oanels  but  poor  protec¬ 
tion  for  high  modulus  composites.  These  paints  provide  surface  flashover 
due  to  tlieir  electrical  properties;  the  arc  will  remain  exterior  to  a 
panel  unless  it  is  guided  into  or  through  the  substrate  bv  conducting 
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materials.  Lightning  discharge  arcs  are  guided  into  the  high  modulus  com¬ 
posites  by  the  low  resistance  of  the  fibers  themselves.  Painted  panels 
frequently  give  the  appearance  of  being  more  damaged  than  unpainced  panels. 
The  vaporization  of  the  resins  causes  bubbling  of  the  paint  and  can  ex¬ 
plosively  remove  much  of  it  from  the  surface.  In  addition,  the  paint  is 
often  scorched.  These  effects  are  shown  in  Figure  49,  which  compares  tiie 
damage  to  boron,  graphite  and  glass  reinforced  panels  coated  with  5  mils 
of  an  aluminum  pigmented  polyurethane  paint.  Copper  filled  polyurethane 
and  aluminum  filled  silicone  base  paints  displayed  miuch  the  same  damage. 

The  use  of  peripheral  aluminum  foil  strips  in  conjunction  with  these 
paints  gave  no  lessening  of  the  graphite  damage  and  increased  the  damage 
to  the  boron  laminates. 

Lndercoatings  of  carbon  fill'.'d  Pyralin  cloth  were  also  ineffective. 

The  cloth  was  severely  ripped  and  was  debonded  from  the  surface  wliile 
the  substrate  was  punctured.  The  use  of  a  conductive  inner  layer  was 
deleterious  in  this  case.  These  results  are  shown  in  Figure  50,  Panel 
083  and  084. 

Kapton  film  sandwiched  between  the  two  outer  fiber  plies  provided  no 
improvement  to  the  panels  coated  with  aluminum  pigmented  polyurethane 
paints.  In  fact,  severe  damage  to  the  boron  (Panel  079,  Figure  50)  oc¬ 
curred  by  explosive  rupture  of  nearly  all  the  outer  ply  boron  filament.s. 

A  similar  graphite  panel  was  punctured  and  delaminated  at  the  discharge 
contact  zone  and  at  the  ground  connection.  These  results  are  shown  in 
Figure  50 . 

The  exceedingly  poor  results  with  these  conventional  paints  prompted 
several  formulation  modifications.  These  were  designed  to  investigate 
the  effects  of  other  pigment  shapes  (the  paints  described  above  utilized 
flat,  "leafing"  pigments)  as  well  as  the  pigment  volume  concentration  or 
PVC.  Tlie  polyurethane  paints  previously  discussed  had  pigment  voluive 
concentrations  of  12%. 

An  aluminum  pigmented  epoxy  (29  percent  aluminum  by  volume)  provided 
excellent  protection  to  a  glass  reinforced  control  panel,  but  little  or 
no  protection  to  boron  or  graphite  reinforced  structure  (Figure  51,  Panel 
No.  112,  113  and  114).  The  boron  panel  was  pitted  and  ,■  -acked  along  its 
6-i.nch  dimension,  v^ith  many  small  areas  of  delatiinat  ion  on  the  back  side. 
Surface  markings  on  the  coating  indicated  that  some  surface  flashover  oc¬ 
curred.  These  markings  consist  of  blackened  areas  and  cracked  "rings" 
(Figure  51).  Rings  of  this  type  have  also  been  observed  on  silver  pig¬ 
mented  coatings.  The  graphite  panel  displayed  extensive  delanination  at 
the  stroke  contact,  a  large  1-inch  by  2-inch  hole  on  the  bacK.  side,  com¬ 
plete  resin  burnoff  in  some  areas  and  de lamination  across  the  full  width 
of  the  panel  at  ground.  The  damage  to  the  panel  was  quite  extensive. 

Two  copper  filled  systems  met  with  even  less  success.  The  first 
utilized  a  29  percent  PVC  of  a  1  micron  copper  powder  in  an  epoxy  matrix. 
Protection  for  the  glass  reinforced  panel  was  excellent,  the  coating  dis¬ 
playing  minor  discoloration  and  "tracking."  The  boron  panel  was  severely 


ruptured  across  Che  6-lnch  width  with  the  exploded  boron  fibers  displaying 
their  tungsten  core.  Fiber  conduction  also  burned  the  coating  between  the 
contact  and  ground,  while  the  back  side  displayed  a  scorched  epoxy  com¬ 
posite  matrix.  The  graphite  panel  displayed  a  6-inch  long  delaminacion 
across  the  face,  a  large  hole  and  considerable  delamination  and  shattering 
at  the  ground  connection.  The  absence  of  any  discoloration  or  burning  of 
the  coating  indicates  the  current  was  primarily  carried  by  the  fibers. 

The  second  copper  coating  used  a  silicone  matrix.  This  was  also 
utilized  a  PVC  of  29  percent.  This  powder  was  of  ui>known  mesh,  but 
larger  in  size  than  the  powder  utilized  above.  The  glass  reinforced  con¬ 
trol  panel  (Panel  No.  097,  Figure  51)  displayed  two  large  burn  tracks 
from  the  contact  to  ground.  Portions  of  the  coating  in  these  areas  were 
burned  and  peeled  away  from  the  primer.  The  boron  panel  (Panel  No.  098) 
was  completely  severed  across  the  6-inch  dimension.  The  crack  appears 
to  be  the  result  of  a  series  of  small,  closely  spaced  holes  in  the  panel. 
Evidence  of  the  initiation  of  another  crack  2  inches  closer  to  ground  is 
given  by  a  group  of  small  holes.  Nearer  ground,  the  panel  displays  a 
clean  3-inch  long  crack.  It  is  to  be  noted  that  damage  orthogonal  to  the 
contact-ground  line  is  common  and  most  frequent  with  boron  composites. 

The  coating  surface  of  this  panel  was  discolored  also. 

The  graphite  reinforced  panel  (Panel  No.  108)  displayed  a  3-inch  by 
3-inch  area  which  was  grossly  delaminated  and  in  which  most  of  the  resin 
matrix  had  been  burned  away.  A  large  hack  side  crack  and  burned  area  at 
ground  was  also  visible. 

These  results  show  that  aluminum  and  copper  pigments  dispersed  uni¬ 
formly  throughout  a  coating  do  not  develop  sufficient  conductivity  to 
provide  lightning  protection  to  boron  filament  or  graphite  fiber  rein¬ 
forced  composites.  Even  at  metal  volume  concentrations  as  iiigh  as  29 
percent,  these  coatings  are  not  conductive.  This  is  presumably  due  to 
the  nonconductive  surface  layers  of  the  copper  and  aluminum  pigments. 

Such  nonconductive  layers  are  formed  by  the  reaction  of  the  metal  with 
oxygen  in  the  atmosphere  to  form  a  tlrin  oxide  coatino. 

The  development  of  aluminum  or  copper  paints  as  conductive  systems 
relies  upon  protecting  the  metal  from,  oxidation.  A  copper  pigmented 
epoxy  which  had  been  specially  treated  to  prevent  surface  oxide  formation 
was  found  to  provide  a  conductive  coating.  This  system  was  effective  in 
preventing  lightning  puncture  of  boron  and  graphite  panels.  Figure  52 
shows  the  damage  to  panels  coated  to  a  tliickness  of  10  to  14  mils.  The 
coating  was  very  inefficient  when  compared  with  aluminum  foil  or  silver 
paints,  and  suffered  extreme  cracking  and  pitting.  The  copper  coating 
was  also  broken  away  at  the  ground  terminal.  This  paint  was  more  porous 
than  the  silver  filled  epoxies  and  was  applied  as  a  paste. 

5.1.8  Metal-Sandwich  Coatings 

Metal-sandwich  coatings  are  prepared  by  depositing  a  metal  slurry 
ever  a  primied  surface.  As  the  solvents  are  flashed  off,  the  mietal  is 
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concentrated  in  a  thin  layer,  A  finish,  coat  of  clear  epoxy  serves  as  the 
top  coat  and  binder.  Cross  sections  of  the  coatings  display  some  porosity 
in  the  metal  layer  but  the  sandwich  nature  is  obvious.  This  coating 
system  assures  maximum  partlcle-to-particle  contact  and  a  multiplicity 
of  conductive  paths  in  all  directions.  Such  coatings  were  prepared  from 
aluminum  and  copper  powders,  and  actual  powder  thickness  in  these  coatings 
was  estimated  to  be  5  rails. 


The  aluminum  sandwich  coating  was  severely  damaged  in  all  cases 
(Figure  53,  Panel  No.  126,  131  and  132).  The  fiberglas  control  panel 
was  pitted  and  a  1-inch  wide  track  resulted  from  the  stroke  attachment  to 
ground.  No  fiberglas  damage  was  observed.  The  boron  panel  was  cracked 
along  nearly  the  entire  12-inch  length.  At  the  attachment  and  at  ground, 
the  coating  was  peeled  from  the  panel  and  several  holes  were  observed  at 
the  attachment  and  ground  areas.  The  graphite  reinforced  panel  was  com¬ 
pletely  shattered  at  the  ground  connection  and  also  at  a  point  halfway 
between  the  stroke  attachment  and  ground.  At  the  arc  attachment,  a  1 
square  inch  hole  in  the  panel  with  excessive  back  side  delamination  was 
observed.  Much  of  the  sandwich  coating  was  blown  or  peeled  away  from 
the  substrate  surface. 


Copper  sandwich  coatings  provided  comparable  results  to  those  out¬ 
lined  above,  except  that  a  larger  area  of  the  graphite  panel  was  destroyed 
(Figure  53,  Panel  No.  128  and  129),  The  copper  sandwich  coating  was 
greatly  improved  when  applied  over  a  3-mil  Kapton  film  (Figure  53,  Panel 
No.  130).  The  arc  apparently  flashed  to  the  panel  edge  and  then  to  the 
graphite  fibers  on  the  back  side.  Damage  was  limited  to  the  composite 
edges.  Presumably,  the  use  of  metal  diverter  scrips  can  rectify  this 
situation  and  improve  the  protective  qualities  of  these  coatings. 


One  interesting  phenomenon  was  found  when  the  copper  sandwich  coating 
was  tested  on  a  fiberglas  substrate.  A  discharge  of  a  25  KV  charged  capac¬ 
itor  bank  could  not  be  initiated  to  this  panel  (Panel  No.  127);  however, 
radially  discharged  multi-finger  streamers  were  observed  and  lasted  for 
approximately  10  minutes  as  the  capacitor  voltage  dropped  to  15  KV.  The 
whole  coating  surface  was  pitted  (Figure  5d)  . 

5.1.9  Other  Paint  Systems 

Sterling  MTNS  carbon  black  was  prepared  as  a  dO  per 
pigment  in  Araldice  A88E32  thermoplastic  epoxy.  This  co 
protection  to  either  boron  or  graphite  reinforced  panels 
were  punctured  and  severely  delaminated  by  the  discharge 
powder  was  added  to  the  coating  system,  no  reduction  in 
panels  was  observed  and  a  greater  am.ount  of  damage  to  th 
(Figure  55,  Panel  No.  139,  IdA  and  147),  In  these  tests 
was  completely  fractured  across  its  6-inch  dimension  nea 
cation. 

This  same  carbon  black /aluminum  filled  system  was  also  applied  over 
a  6-r,il  dielectric  undercoating.  The  dielectric  coating  consisted  of  43 
percent  boron  nitride  dispersed  in  Araldite  488E32.  The  damage  to  the 
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panels  was  not  reduced  (Figure  5S.  Panel  NV- .  lAO,  145  and  149).  The 
fiberglas  panel  received  only  surface  n.arkings;  the  graplUte  panel  was 
punctured,  delaminated  and  the  matrix  was  burned  away;  and  the  boron 
panel  was  completely  severed  at  the  contact  zone  and  scorched  from  tlmt 
point  to  ground. 

bpoxy  paints  pigmented  with  the  highly  conductive  Cabot  Vulcan  XC-72 
Grade  Black  were  tested  in  a  variety  of  coating  configurations,  A  5-mil 
thick  coating  very  successfully  protected  a  glass  reinforced  epoxy  panel 
(No.  159),  as  shown  In  Figure  56.  Surface  flashover  left  a  gray,  smoke 
colored  track  across  the  panel  surface,  but  no  damage  to  the  coating  or 
the  substrate  was  observed.  The  same  coating  was  completely  unsuccessful 
in  protecting  boron  or  graphite  reinforced  composite  panels  (No.  155  and 
170),  as  shown  in  Figure  57.  Both  laminates  were  punctured  by  the  dis¬ 
charge  and  no  evidence  of  surface  flashover  was  visible.  Tiie  surface  of 
the  coating  on  the  graphite  composite  displayed  many  small  bubbles  due  to 
resistance  tieating  of  the  fibers. 

The  addition  of  expendable  aluminum  strips  along  the  panel  edges  did 
little  to  improve  the  protective  qualities  of  this  coating  system.  One 
inch  wide,  3-mil  chick  aluminum  was  bonded  over  the  coated  surface  along 
the  two  12-inch  panel  sides.  Dam.age  to  the  panels  wi;,-  comparable  to  that 
observed  in  the  absence  of  the  strips.  Little  distortion  of  the  aluminum 
occurred  and  it  can  be  concluded  that  the  alvLtinum  did  little  to  promote 
surface  flashover.  The  glass  reinforced  control  panel  (No.  162,  Figure 
56)  for  this  coating  concept  was  discolored  by  the  surface  flashover  and 
subsequent  vaporization  of  the  aluminum. 

The  potential  of  polyimide  insulating  layers  with  carbon  black  pig¬ 
mented  paints  was  also  studied.  One  mil  thick  Kapton  film  was  integrally 
bonded  to  the  outer  composite  surface  (Panel  No.  156,  168).  T!ie  carbon 
black  pigmented  coating  was  then  applied  over  the  Kapton.  Discharge  to 
this  series  of  panels  resulted  in  panel  puncture  and  no  reduction  in 
structural  damage.  This  same  system  was  tested  with  expendable  aluminum 
scrips  along  the  panel  edges  (Panel  No,  157,  158).  Again,  the  discharge 
punctured  the  panel  and  no  evidence  of  surface  flashover  to  the  aluminum 
was  apparent.  These  results  are  shown  in  Figure  57  and  58. 

A  successful  coating  com.bination  was  found  when  the  Kapton  film 
thickness  was  increased  to  3-mils.  This  fllmi  was  also  integrally  bonded 
to  the  composite  surfaces  and  expendable  aluminum  strips  were  provided 
along  the  panel’s  12-inch  dimension  side  (Panel  No.  181,  182).  Ttie  test 
results  in  Figure  58  show  the  protective  capability  of  the  1  .ind  3  mil 
Chick  Kapton  insulative  layers.  As  shown  in  the  figure,  surface  flash- 
over  for  100  KA  discharges  is  very  apparent:  Che  expendable  strips  are 
largely  destroyed  and  the  panel  face  is  covered  with  a  smokv  deposit. 

The  success  of  this  coating  is  undoubtedly  due  to  the  additional  insulat¬ 
ing  properties  of  Kapton  film. 

The  dielectric  strength  of  i-mi  1  Kapton  poLyir.ide  film  at  25' C  and 
50  percent  relative  humidity  is  reported  to  be  7000  volc.s,  while  that  of 


122 


'I/:/,  n :)  l!Ghtm\g  discharge  damage  to  cj\Oi 

-irs  .-.An’O^  COALED  BORO\  CPOX^  AAl’GRA 
' yy,  ?  ^  \y  \  -i  ^ f-.s 


a  3  mil  film  is  13,800  volts  (ASTM  test  method  D-1^9-61).  Undoubtedly, 
it  is  this  increase  in  breakdown  strength  which  determines  the  coating 
system's  ability  to  protect  the  reinforced  composites  from  simulated  dis¬ 
charges  because  the  dielectric  film  serves  to  prevent  attachment  of  the 
lightning  arc  to  the  high  modulus  fibers  and  instead  conducted  the  dis¬ 
charge  current  away  by  forming  a  surface  flashover. 

A  conductive  cloth  coating  concept  was  also  tested.  The  conductive 
cloth,  a  carbon  black  pigmented  polyimide  impregnated  glass  fabric,  had 
a  resistance  of  20  ohm/square.  This  material  was  integrally  bonded  to 
the  composite.  Expendable  aluminum  strips,  each  1-inch  wide  and  3  mils 
thick,  were  provided  along  the  long  sides  of  the  panel.  Both  boron  fiber 
and  graphite  fiber  reinforced  laminates  were  p  inctured  when  a  90  KA  dis¬ 
charge  was  directed  toward  these  coatings.  The  distortion  of  the  aluminum 
strips  indicates  the  discharge  currents  were  partially  shunted  into  the 
metal.  The  conductive  cloth  was  torn  and  peeled  from  the  surface  of  the 
composites.  It  can  be  safely  concluded  that  the  20  ohm/square  resistivity 
is  too  high  to  drain  lightning  discharge  currents  away  from  the  high 
modulus  fibers.  As  previously  discussed,  the  addition  of  2  mils  of  a 
silver  pigmented  epoxy  does  not  improve  the  performance  of  this  coating. 

Several  inorganic  salt  filled  coatings  were  studied.  The  first  was 
prepared  by  adding  aluminum  trifluoride  to  Dow  Corning  DC  92-009  silicone. 
This  system  provided  no  protection  to  the  panels  but  served  as  baseline 
for  future  coating  development.  Actual  damage  to  both  panels  included 
punctures  and  panel  de lamlnati on.  The  silicone  system  is  the  most  flexi¬ 
ble  coating  matrix  investigated  and  displays  excellent  adherence  to  the 
composites  . 

AI2F5  was  added  to  a  carbon  black  epoxy  system  and  applied  over  the 
boron  nitride  dielectric  undercoating.  This  system  was  not  successful  in 
reducing  the  damage  sustained  by  the  boron  and  graphite  reinforced  com¬ 
posites  (Figure  59,  Panel  No.  142,  146  and  148). 

Another  coating  was  prepared  by  sprinkling  powdered  lithium  chloride 
over  a  wet  carbon  black  epoxy  coating.  TIte  final  coating  was  11  mils 
thick  and  the  lithium  chloride  was  bonded  well  to  the  surface.  Dis¬ 
charges  to  these  panels  provided  good  evidence  chat  it  might  be  possible 
to  utilize  low  boiling  point  salts  as  heat  sinks  (Figure  59,  Panel  No. 

141,  143  and  150).  Much  of  the  coating  was  burned  away  from  the  panel 
surface  and  that  which  remained  was  extremely  porous. 

Epoxy  paints  pigmented  with  other  types  of  inorganic  salts  were 
tested  to  further  investigate  the  potential  of  salt  pigmented  coatings. 

The  salt  chosen  for  the  initial  series  was  potassium  nitrate  (KNC3). 

This  compound  has  a  relatively  low  melting  point  (335°C)  and  decomposes 
above  400°C.  This  latter  property  might  be  considered  important  for  a 
conductive  coating  when  the  potential  decomposition  products  are  ions  or 
possess  low  ionization  potentials. 
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A  10  mil  epoxy  coating  containing  40  percent  pigment  volume  concen¬ 
tration  (PVC)  of  this  salt  was  applied  to  boron  and  graphite  composite 
panels  with  and  without  expendable  aluminum  diverter  strips  (Panel  No. 
163,  166,  171  and  175).  As  shown  in  Figure  60,  50  KA  and  110  KA  dis¬ 
charge  to  the  boron  panel  resulted  in  panel  damage  and  puncture;  however, 
94  KA  discharge  to  graphite  panels  (No.  171)  led  to  surface  flashcver  to 
the  laminate  edge  with  subsequent  conduction  by  the  outer  fibers.  This 
is  a  surprising  result,  since  all  previous  tests  have  indicated  boron  to 
be  the  easier  fiber  to  protect;  consequently,  these  results  prompted 
several  additional  coating  formulations.  Panels  were  prepared  with  ex¬ 
pendable  aluminum  strips  along  the  outer  edges  and  a  1-mil  Kapton  film 
undercoating  (Panel  No,  167,  174).  One  hundred  KA  tests  revealed  this 
to  be  a  satisfactory  coating  system  (Figure  61).  It  was  also  found  chat 
coated  panels  with  diverter  scrips  but  without  Kapton  film  undercoating 
were  severely  damaged  (Figure  61,  Panel  No.  166  and  175). 


A  6-mll  boron  nitride  (BN)  filled  epoxy  paint  as  an  insulative  layer 
did  not  prevent  severe  panel  damage  with  or  without  diverter  strips  (Fig¬ 
ure  62,  Panel  No.  160,  165,  172  and  173).  In  addition,  the  insulative 
coating  was  resin  poor  and  displayed  poor  adhesion;  the  coating  was  badly 
cracked  and  peeled  from  the  panel  following  the  discharge  test.  This 
attempt  to  substitute  a  40  percent  PVC  boron  nitride  pigmented  epoxy  for 
the  Kapton  film  was  unsuccessful. 


iVhen  the  potassium  nitrate  pigmented  epoxy  coating  thickness  was  re¬ 
duced  CO  5  mils  it  provided  satisfactory  lightning  discharge  protection 
to  a  boron  reinforced  composite  panel,  but  no  protection  to  a  grapliite 
counterpart  (Figure  63,  Panel  No.  189  and  188).  The  latter  panel  was 
p  '.nctured  by  the  discharge  arc.  When  the  coating  thickness  was  7  mils 
and  Che  PVC  reduced  to  4  percent,  a  satisfactory  system  was  again  attained 
(Figure  63,  Panel  No.  190  and  191).  The  coating  displayed  very  minor 
damage  and  surface  flashover  left  the  panel  surface  gray.  This  coating 
system,  however,  shows  a  high  impedance  since  the  capacitor  bank  had  to 
charge  to  21  KV  and  the  discharge  probe  gap  had  to  be  reduced  to  1/16 
inch  before  the  discharge  would  be  initiated,  while  a  normal  discharge 
occurs  at  15  to  18  KV  with  a  gap  of  1/4  inch. 


Ocher  coatings  employing  potassium  sulfate  (K2SO4)  and  magnesium 
nitrate  (Mg(N03) 2 . 6H2O)  were  shown  to  provide  comparable  results.  Since 
the  potassium  sulfate  system  possesses  none  of  the  properties  originally 
thought  necessary  for  a  good  coating  system,  an  unfilled  epoxy  system 
was  tested  (Panel  No.  201  and  202).  Surprisingly,  this  provided  good 
flashover  characteristic  and  little  damage  to  the  coating.  Discharge  to 
glass  reinforced  controls  coated  with  these  same  coatings  could  not  be 
initiated. 


in  view  of  these  results,  it  has  been  tentatively  concluded 
these  coatings  represent  a  poorly  conducting  surface  which  causes 
tributes  to  surface  flashover  only  if  incorporated  over  a  conduct 
posite.'  4.t  is  not  fully  understood  why  these  systems  are  success 
similar  coa'cings  pigmented  with  conductive  materials  such  as  carb 
are  not. 
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The  protection  offered  by  these  systems  is  probably  due  to  the 
dielectric  breakdown  potential  of  the  epoxy-Kapton  combination  and  the 
conductivity  of  the  composite  substrate.  If  the  breakdown  potential 
through  the  bulk  coating  is  low,  the  discharge  will  penetrate  the  coat¬ 
ing  and  attach  to  the  reinforcing  fibers.  If  the  breakdown  potential 
through  the  bulk  coating  is  moderate,  discharge  will  first  initiate 
streamers  and  then  flashover  the  surface  and  attach  to  the  expendable 
metal  strip.  If  the  breakdown  potential  through  the  coating  is  high, 
no  discharge  will  be  initiated.  In  this  regard,  the  coating  thickness 
necessary  to  protect  boron  reinforcement  will  be  less  than  that  necessary 
for  graphite  fiber  reinforced  plastics;  this  occurs  because  of  the  high 
dielectric  strength  provided  by  the  scrim  cloth  of  the  boron  tape  and 
the  insulative  boron  sheath  around  the  tungsten  conductive  core  of  boron 
filaments.  Presumably,  the  distance  between  adjacent  metal  strips  is 
also  a  critical  function  for  this  type  of  coating;  however,  the  small 
size  of  the  test  panels  has  prevented  a  study  of  this  parameter. 

It  should  be  pointed  out  that  the  discharge  to  Panel  No.  199  was 
180  KA  (Figure  64).  This  was  the  first  successful  demonstration  of  sur¬ 
face  flashover  at  this  discharge  level  utilizing  a  nonconductive  coat¬ 
ing  system. 

5.2  FINAL  COATING  SELFXTION  AND  TESTl.NG 

Examination  of  the  results  of  the  screening  tests  indicates  the 
following: 


A.  Continuous  metal  foils  at  least  1-mil  thick  can  provide  effec¬ 
tive  and  efficient  lightning  protection  to  high  modulus  com¬ 
posites. 

B.  Expendable  metal  strips  can  also  provide  an  efficient  coating 
system. 

C.  Wire  fabric  coatings  provide  the  most  efficient  lightning  pro¬ 
tective  system. 

D.  Knitted  fabrics  can  provide  comparable  degrees  of  protection 
as  woven  fabrics  when  comparable  amounts  of  wire  per  unit 
area  are  applied.  These  systems  are  Liighly  advantageous  from 
a  cost  viewpoint. 

E.  Plasma  and  flame  sprayed  aluminum  are  good  coating  systems  if 
certain  minimum  thicknesses  are  met. 

F.  Of  the  metal  pigmented  paints,  only  silver  provides  a  conduc¬ 
tive  coating  suitable  for  lightning  protection.  Specially 
treated  systems  such  as  silver  coated  copper  are  not  as  effi¬ 
cient  . 

G.  Metal  sandwich  coatings  offered  no  pro  tec  t  i  on  what  soe  ve  r  unles.s 
undercoated  with  high  dielectric  strength  underlayer. 
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ft.  Nonmetallic  pignented  paints  offer  lightning  protection  when 
high  dielectric  streiigth  underlayers  are  provided.  These 
syster.s  work  best  when  used  in  conjunction  with  expendable 
metal  strips. 

Consideration  of  manufacturing  difficulties  prevents  the  inclusion 
of  continuous  metal  foils,  strips,  plasma  or  flame  sprayed  aluminum  for 
the  final  testing.  The  desire  for  a  near-'"erm  system  precludes  the  use 
of  the  nonmetallic  systems  since  they  are  not  well  understooa  and  require 
additional  development.  Thus,  the  systems  chosen  for  final  development 
were  woven  wire  fabrics,  knitted  wire  fabrics,  and  silver  pigmented 
paint  with  a  1-mll  Kapton  film  undercoating. 

A  total  of  18  samples  were  tested  at  the  final  evaluation  task. 

Kach  panel  was  12  by  12  inches  in  size  and  coated  with  one  of  the  above 
proposed  coating  systems.  The  results  of  the  tests  are  summ.arized  in 
Table  VI. 

5.2.1  Woven  Wire  Fabric 

The  woven  wire  fabric  chosen  for  study  was  the  200  by  200  mesh 
aluminum  fabric  discussed  previously.  This  system  has  already  been 
shown  to  offer  excellent  protection  at  very  liigh  discharge  levels.  It 
also  provides  a  sigiu  f icant  weight  savings  over  most  other  coating  con¬ 
cepts.  Such  a  weight  comparison  is  shown  in  Table  VII. 

Table  VII:  WEIGHTS  OF  PROTECTIVE  COA  TING  SYSTEMS 
WITH  EQUIVALENT  LEVELS  OF  POOTECTION 

Coat  1 ng  Weight  (lbs/100  sq ■  ft.) 


Wire  Fabric  3-5 

Wire  Mesh  5 

■Aluminum  Foil  8.5 

Silver  Paint  lO 

Flame  Spray  Aluminum  8 

Dielectric  Paints  8 

Diverter  Strip 


Trie  fabric  itself  weighs  about  2  Ibs/lOO  sq .  ft.  When  ..r.stalled  by  in¬ 
tegral  bonding  methods,  the  coating  weight  is  about  3  lbs/100  sq .  ft. 
Secondary  bonding  techniques  increase  the  weigh:  5  lbs/100  sq .  ft. 

Tiii.s  is  still  a  considerable  weight  savings  over  a  6  mil  aluminum  foil 
or  an  8  mil  silver  pigmented  paint. 
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Table  VI:  SUMMARY  OF  FINAL  TEST  RESULTS 


PROTECTION  EFFICIENCY 

PANEL  NO. 

MODERATE  SEVERE 

I  COMPONENT  1  COMPONENT 

HIGH 

0  COMPONENT 

262-GP00-AD08J-0000 

Fair 

263-BR12-AD08J-GOOO 

GcciO 

26''-r.P01-AROAZ-OUOO 

Good 

265-GP02-SA04C-KE01 

Failure 

266-BR13-SA0AC-KE0  1 

Fai lure 

267-BR14-AR0AZ-0000 

Good 

26S-BR15-AR04Z-0000 

Good  (20  coul) 

269-GP03-AR04Z-0000 

Fair 

270-GP04-SA04C-KF01 

Failure 

271-GP05-AD08J-0000 

Fair 

272-BR15-ADO 83-0000 

Fair  (hot  spot) 

273-BRlb-SA04C-KF01 

Good  (60  KA) 

274-BRi:-SA04C-KF01 

Failure 

275-GP06-SA04C-KF01 

Failure 

276-BRlS- ADO  8.1-0000 

Good 

277-BR19-AR04Z-0000 

Good 

278-GP07-AR04Z-0000 

Good 

;79-GP0  8-ADOS.,-0000 

Fair 

NOTK:  C'Qdo  for  panels  -  see  I'ab  le  IV. 

Moderate  I  Corip  -  approximate  100  KA 
Severe  1  Comp  -  approximate  200  KA 
High  Q  Comp  -  high  coulomb  component 
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Environmentally,  the  coating  appears  extremely  stable.  The  aluminum 
netaX  alloy  5056  is  one  of  the  better  corrosion  resistant  materials 
available.  It  is  also  one  of  the  most  conductive  aluminum  alloys.  The 
matrices  chosen  for  this  study  are  very  stable  in  normal  aircraft  environ¬ 
ments.  Some  loss  of  composite  properties  are  to  be  expected  after  pro¬ 
longed  environmental  exposure,  but  these  are  minimal. 

The  results  of  artificial  lightning  discharges  directed  toward  boron 
filament  and  graphite  fiber  composites  coated  with  this  coating  system 
are  shown  in  Figures  65-70.  Figure  65  shows  the  damage  sustained  by  a 
sixteen  ply,  12-inch  square  boron  fiber  reinforced  composite  at  a  130  KA 
discharge;  as  can  be  clearly  seen,  only  the  fabric  is  damaged.  A 
slightly  lower  disch.arge  to  a  grapliite  fiber  composite  is  shown  in 
Figure  66.  The  coating  was  vaporized  from  the  surface  in  a  lialf-square 
inch  area  at  the  arc  contact  point,  but  otherwise  the  system  behaves 
much  tiie  same  as  for  the  boron  composite.  At  this  discharge  level,  the 
system  provides  extremely  good  protection  of  boron  and  graphite  rein¬ 
forced  plastics. 

At  200  HA  discharge,  the  damage  to  a  boron  panel  is  restricted  again 
to  the  coating  as  sliown  in  Figure  67.  The  coating  was  not  punctured 
although  resin  scorching  occurred  in  the  contact  area.  The  area  of  ex¬ 
treme  damage  to  the  coating  is  larger  in  this  case,  but  a  minor  amount 
of  aluminum,  still  exists  in  the  contact  zone.  This  illustrates  the 
ability  of  wiic  fabrics  to  conduct  currents  with  little  dam.age  to  the 
wire.  No  other  coating  concept  performs  as  well  at  these  discharge 
levels . 

The  comparable  discharge  to  a  grapliite  f’bcr  reinforced  composite 
is  .shown  in  Figure  68.  Here  a  i-inch  square  of  metal  fabric  was  des¬ 
troyed.  The  resin  under  this  1  inch  was  scorched  and  some  delamination 
of  the  outer  fiber  ply  occurred.  Tliis  is  a  minor  damage  since  delamina- 
tion  in  graphite  composites  usually  occurs  explosively  and  results  in 
the  complete  destruction  of  one  or  more  laminate  plies.  Tliis  coating 
has  displayed  excellent  surface  flashover  characteristics  from  the  re¬ 
sults  of  the  above  high  amperage  tests. 

Figure  69  shows  the  result  of  a  236-coulomb  transfer  test  to  a 
fourteen  ply,  12-inch  square  grapliite  cor.posite.  The  arc  burned  a  l-'i/d 
b>  1-3/4  diamond-shaped  mark  on  the  lest  panel.  Smaller  areas  of  the 
first  five  plies  of  this  fourteen  ply  laminate  were  destroyed.  The 
blackened  surface  of  the  panel  is  d'  ■  to  char  deposits  from  the  resin. 
Other  than  at  tile  arc  zone,  no  damage  to  the  composite  was  observed. 

similar,  but  smaller  coulomb  transfer  lest  was  applied  to  a  ticroii 
composite.  The  arc  terminated  prematurely  and  a  total  of  20  coulombs 
were  transferred  to  the  coated  panel.  As  illustrated  i  .a  Figure  70,  the 
coating  displ.iys  tiie  narliings  characteristic  of  surfa-e  flashover.  Some 
destructic'n  of  tiie  coating  at  a  point  3  inches  from  the  contact  zone  was 
observed.  A  l-inch  diameter  spot  at  the  contact  zone  illustrates  ther¬ 
mal  damage  to  tiie  resin.  Undoubtedly  additional  damage  would  have  oc¬ 
curred  i.T  d  longer  dwell  time. 
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Samples  were  removed  from  the  test  panels  and  submitted  to  physical 
tests  to  determine  their  physical  properties.  Test  coupons  were  taken 
from  the  contact  zone  and  along  the  contact  zone-electrical  ground  axis; 
control  specimens  were  cut  from  an  area  near  the  edge  of  the  panels  and 
away  from  the  arc  contact  zone  and  the  electrical  ground. 

Structural  damage  to  the  boron  composites  panels  was  not  detected 
by  these  flexural  tests.  The  test  coupons  from  the  130  KA  test  panel 
gave  an  average  flexural  modulus  of  21.6  +  0.3  MSI  (five  specimen 
average;  calculations  include  the  coating  as  part  of  specimen  depth). 

The  coupon  cut  from  directly  under  the  contact  zone  had  a  modulus  of 
21.0  MSI.  No  change  in  the  strength  was  noted  either.  A  very  minor 
amount  of  damage  may  have  been  incurred  by  the  200  KA  discharge.  This 
panel  had  a  flexural  modulus  of  16.4  MSI.  Nevertheless,  the  flexural 
strength  of  this  coupon  was  90.0  ksi  compared  with  an  average  of  92.0 
for  the  controls.  Since  both  the  flexural  strength  and  flexural  modulus 
are  somewhat  less  than  the  control  average,  a  small  amount  of  damage  may 
have  occurred.  It  should  be  pointed  out  that  the  damage  is  minor  in 
terms  of  flexural  properties  and  was  only  detected  at  the  arc  contact 
spot.  Coupons  taken  from  along  the  arc  contact-electrical  ground  axis 
were  indistinguishable  from  the  controls.  Similarly,  only  the  coupon 
taken  from  directly  under  the  contact  zone  was  observed  to  be  damaged 
on  the  20-coulomb  test  panel. 


Thus,  it  is  apparent  that  tiiis  wire  fabric  coating  system  has  pro¬ 
vided  excellent  lightning  protection  to  the  boron  reinforced  composite 
panels.  Mechanical  damage  was  undetectable  after  a  130  KA  discharge  and 
barely  detectable  after  a  200  KA  or  a  20-coulomb  discharge.  The  detect¬ 
able  damage  amounted  to  a  12  percent  reduction  in  flexural  modulus  at 
the  exact  arc  contact.  No  damage  could  be  detected  outside  a  3-inch 
radius  surrounding  this  point. 


The  reduction  in  mechanical  properties  was  even  less  for  the 
graphite  reinforced  composite  panels.  Coupons  taken  from  the  220  KA 
test  panel  possessed  an  average  flexural  modulus  of  15.1  +  .  4  MSI. 
Coupons  taken  from  1  inch  of  either  side  of  the  arc  contact  zone  pos¬ 
sessed  flexural  moduli  of  15.2  and  15.3  MSI.  Thus,  it  is  certain  that 
any  reduction  in  mechanical  properties  is  not  observed  at  distances 
greater  than  2  inche.s  from  the  arc  contact.  Ac  the  contact,  some  damage 
has  occurred  as  the  outer  ply  of  the  laminate  has  been  scorched  and  the 
resin  burned  off.  Tests  of  the  256  coulomb  graphite  fiber  composite 
panel  displayed  a  similar  behavior.  An  average  control  modulus  of  15.5 
+  .2  MSI  was  found.  Coupons  cut  with  their  centers  2  inches  from  arc 
contact  possessed  moduli  of  11.6  MSI  (toward  electrical  ground)  and 
13.3  MSI  (away  from  electrical  ground),  respectivelv .  Five  inches  from 
this  zone,  close  to  electrical  ground,  the  flexural  modulus  was  again 
13.5  MSI.  Thus,  it  can  be  concluded  that  little  damage  to  the  composite 
panels  has  occurred  even  chough  the  damage  due  to  high  coulomb  transfer 
tests  is  more  chan  that  Inflicted  by  high  amperage  discharge  tests. 
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The  better  protecticjn  of  the  graphite  conposite  panel  points  out 
the  great  efficiency  of  tliis  coating  system  as  the  reverse  order  of 
damage  occurs  when  uncoated  boron  and  graphite  panels  are  tested. 

5.2.2  Knitted  Wire  Mesh 

The  i’.nitted  wire  mesh  chosen  for  this  study  was  a  two-stranded,  4- 
iT\i  1  diameter  alamirur.  wire  with  13  by  24  mesli.  A  ohotograpli  of  this 
mesh  is  shown  in  Figure  lb.  The  double  stranded  wire  allows  an  increase 
in  the  amount  of  aluminum  on  Che  surface  of  the  composite  but  does  not 
Increase  coating  thickness.  The  double  stranded  wire  has  a  metal  density 
per  unit  area  comparable  to  the  successful  larger  diameter  wire  coatings. 
Parameters  of  this  coating  system  are  illustrated  in  Table  1. 

One-hundred  KA  discharges  to  this  fabric  have  found  it  to  provide 
excellent  protection  to  boron  but  lesser  protection  to  graphite.  The 
boron  composite  shows  no  damage  except  that  much  of  the  mesh  has  been 
burned  away  in  the  area  surrounding  the  arc  contact  as  shown  in  Figure 
71.  The  graphite  panel  was  damaged  slightly  as  a  2  by  3-inch  area  of 
the  mesh  was  evaporated  and  destroyed.  This  is  shown  in  Figure  72. 

Some  scorching  of  the  resin  below  this  area  occurred.  Nevertheless,  the 
damage  to  the  composite  is  minimal  as  the  coating  conducted  most  of  the 
lightning  current. 

At  the  210  KA  discharge  level,  the  graphite  panel  was  more  severely 
damaged  (Figure  73).  A  2  by  5-lnch  piece  of  the  outer  ply  of  the  panel 
was  delaminated  and  some  resin  scorching  of  the  second  ply  was  observed. 

A  comparable  discharge  to  the  boron  composite  resulted  in  damage  to  the 
coating  only  (Figure  74).  Thus,  the  knitted  wire  mesh  provides  excel¬ 
lent  protection  to  boron  filament  reinforced  plastics  and  good  protec¬ 
tion  to  graphite  fiber  reinforced  plastics.  Further  improvements  of 
this  system  might  attempt  to  increase  the  ncsh  density,  thus  providing  a 
more  uniform  metal  density. 

The  results  of  high  coulomb  transfer  tests  to  panels  coated  with 
knitted  wire  mesh  are  shown  in  Figure  75  and  76.  .A  100-coulomb  transfer 
test  to  a  boron  composite  resulted  in  the  burning  of  some  of  the  coating 
and  a  square  inch  of  the  '.composite.  The  current  flow  to  electrical 
ground  is  easily  discernable  as  the  resin  in  this  area  was  severely 
scorched.  A  burn  mark  at  the  ground  contact  was  also  observed.  A  200- 
coulomb  transfer  test  to  a  graphite  fiber  reinforced  composite  yielded 
the  damage  of  a  1  by  2-inch  section  of  the  outer  ply  of  graphite. 

It  is  apparent  from  these  tests  that  the  coating  does  not  provide 
complete  protection  against  high  coulomb  transfer.'  The  coating  dissi¬ 
pates  some  of  the  charge  but  significant  burn  damage  to  the  composites 
oiours.  For  com.parison  purposes,  the  degree  of  damage  to  aluminum,  sheet 
is  illustrated  in  Figure  77.  This  26 3- coulomb  transfer  test  burned  a  1 
inch  hole  completely  through  a  s’.ieet  of  0.040"  alum'nur..  That  the  arc 
temperatures  can  dc.stroy  boron  or  graphite  is  illustrated  in  Figure  78. 
This  electron  scanning  view  of  the  boron  at  the  arc  contact  shows  re¬ 
solidified  boron,  aluminum  and  tungsten  at  the  high  temperature  burn 
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zone.  Figure  78  depicts  an  area  near  Che  edge  of  the  burn  zone.  The 
material  in  the  lower  right  hand  corner  was  melted  and  has  resolidified. 
The  material  to  the  upper  left  side  of  the  picture  has  not  been  thermally 
damaged,  although  the  resin  has  been  removed.  Obviously  the  temperature 
gradient  at  the  burn  zone  boundaries  was  extreme.  Closeup  views  of  the 
burn  area  show  two  different  phenomena.  This  is  probably  due  to  differ¬ 
ences  in  chemical  composition,  or  differences  in  thermal  history.  Figure 
79  shows  several  nodular  type  crystal  growths.  These  are  particularly 
prominent  about  the  edges  of  Che  holes  in  Che  sample  and  are  probably 
representative  of  material  from  under  the  surface  of  this  damaged  area. 
The  hot  gases  within  the  composite  expanded  through  the  molten  composite. 
■Sudden  resolidification  deposits  the  material  about  the  exit  holes  and 
does  not  allow  the  material  to  flow  and  close  the  openings.  Another 
view  (Figure  80)  illustrates  a  decidely  different  behaviour.  This  area 
is  covered  with  a  needle-like  crystal  growth.  This  is  probably  due  to 
different  chemical  composition  or  may  be  due  to  slow  cooling  of  the  melt 
which  permitted  the  crystals  to  form.  In  light  of  this  type  of  burn 
damage  and  rn  view  of  the  thickness  of  aluminum  sheet  required  to  pre¬ 
vent  burn  through,  it  is  unlikely  that  a  coating  can  completely  prevent 
this  type  of  damage  to  advanced  composites.  However,  the  mechanical 
strength  test  has  shown  the  damage  is  limited  to  a  very  small  zone  about 
the  arc  contact  point. 

Residual  flexural  strengths  were  determined  for  the  lightning  tested 
panel-s.  Te.st  coupons  were  prepared  as  described  for  the  woven  wire  fab¬ 
ric  coated  panels.  The  coupons  from  the  test  area  possessed  the  same 
modulus  as  the  controls  and  were  not  damaged  mechanically  at  a  100  KA 
discharge  level.  Test  coupons  from  the  220  KA  test  panel  possessed  an 
average  flexural  modulus  of  16.4  +  0,4  MSI.  Coupon.s  from  the  test  area 
had  residual  moduli  of  14.9,  15.3  and  16.7  MSI.  The  scatter  in  data  is 
due  in  part  to  the  coating.  The  coating  adds  no  strength  to  the  com¬ 
posite  structure,  but  does  reduce  the  apparent  mechanical  properties, 
such  as  flexural  strength  and  modulus.  For  these  tests  the  coating  was 
included  in  mechanical  test  coupon  thickness  determination. 

A  100-coulomb  transfer  test  burned  a  small  hole  in  the  outer  ply  of 
the  boron  composite  and  destroyed  some  of  the  filaments  going  to  elec¬ 
trical  ground.  This  damage  was  reflected  in  the  lower  flexural  modulus 
of  the  composite.  A  control  of  15.1  +  0.1  MSI  was  determined.  The  test 
area  and  contact  ground  axis  had  values  of  14.0,  14.4  and  14.7  MSI.  The 
higher  values  were  more  removed  from  the  burn  area.  The  low  value  of 
14.0  MSI  wa.s  determined  for  a  coupon  centered  from  the  edge  of  the  burn 
spot . 


ihe  graphite  panels  were  also  subjected  to  residual  flexural  modu¬ 
lus  tests.  The  210  KA  test  panel  yielded  specimens  with  residual  moduli 
which  were  90  percent  of  control.  Coupons  taken  from  the  contact- 
electrical  ground  axis  were  not  damaged  as  their  modulus  in  flexure  was 
the  same  as  the  control. 
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The  graphite  panel  used  for  the  ;;0('-coulomb  test  was  weakened  at  the 
contact  zone.  The  specimens  cut  from  tiie  contact-electrical  ground  axis 
had  moduli  of  80-90  percent  of  the  controls. 

In  summary,  the  knitted  wire  mesh  provides  excellent  protection  to 
boron  reinforced  plastics  and  good  protection  to  the  graphite  reinforced 
composite.  Reductions  in  flexural  modulus  at  the  contact  zone  were  found 
at  high  current  discharge  levels,  but  these  were  limited  to  areas  less 
than  3  inches  in  diameter.  High  coulomb  transfer  tests  cause  more  exten¬ 
sive  damage  than  do  the  high  amperage  discharges. 

5.2.3  Silver  Pigmented  Conductive  Coating 

Of  the  metal  pigmented  paints,  only  those  pigmented  with  silver  pro¬ 
vide  the  conductivity  necessary  for  lightning  protection.  Nevertheless, 
these  paints  are  prohibitively  heavy  due  to  the  density  and  amount  of 
silver  required  for  even  moderate  degrees  of  lightning  protection. 
Screening  studies  have  shown  4  mils  of  silver  paint  with  expendable  metal 
strips  attached  to  the  panel  edges  can  provide  a  moderate  level  of  pro¬ 
tection,  however,  6  mils  of  coating  are  required  when  no  modifications 
to  the  basic  paint  are  made.  An  8-mil  coating  is  recommended  for  high 
cur^'ent  level  discharge  protection.  Consequently  an  attempt  was  made  to 
reduce  the  weight  of  Chat  coating.  The  method  chosen  was  to  utilize  a 
Kapton  film  dielectric  underlayer  in  conjunction  with  the  coating. 

The  1-mil  Kapton  film  underl.nyers  were  integrally  bonded  to  the 
laminates  during  cure.  The  Kapton  was  primed  with  0.2-xil  of  BMS  10-1], 
Type  I  epoxy  primer  and  then  painted  with  a  silver  pigmented  acrylic 
conductive  coacinfe  h.O  0.2  ...1.1^  thici;.  .'.ftcr  application,  Che  coat¬ 
ing  was  baked  for  2  hours  at  240“ F.  Care  was  taken  to  assure  that  con¬ 
tinuous  wet  films  were  maintained  during  coating  application.  This  is  to 
assure  good  conductivity. 

The  conductive  coating  was  an  acrylic  based  ro.sin  and  consequently 
possesses  only  limited  solvent  resistance.  Thinners  and  solvents  such 
as  hydraulic  fluids  will  remove  Che  coating.  In  all  other  respects  the 
coating  is  very  stable  to  the  environment.  Conductivity  does  not  change 
after  100  hours  in  salt  spray,  330'"’ F  "ging  or  the  weacherome  ter .  The 
env'i ronmental  stability  of  coatings  of  this  type  is  due  to  the  stability 
of  silver.  This  is  the  chief  factor  in  determining  the  electrical  be¬ 
havior  of  the  coating. 

The  coating  did  not  protect  the  boron  composite  from  an  80  KA  dis¬ 
charge.  A  1  by  5-inch  piece  of  the  outer  ply  was  destroyed  and  some 
resin  scorching  in  the  remaining  plies  was  observed  (Figure  81).  The 
lesser  degree  of  discoloration  of  the  surface  indicates  the  fibers  car¬ 
ried  a  large  amount  of  the  discharge.  In  addition,  the  coating  was 
burned  at  the  ground  attachment.  This  is  due  to  arcing  from  the  fibers 
to  the  ground  attachment.  At  the  120  KA  discharge  level,  the  panel  was 
punctured  and  a  sizable  area  of  boron  was  delaminated.  Blistering  at  the 
ground  attachment  was  also  observed  (Figure  82J. 
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A  third  boron  substrate  was  tested  at  a  lower  current  level  instead 
of  the  high  coulomb  test  as  originally  planned.  The  reasons  for  this 
change  are: 

A.  The  failure  of  this  coating  to  a  high  coulomb  test  was  expected. 

B.  A  possible  application  of  this  coating  system  to  a  boron  sub¬ 
strate  at  a  lower  current  level. 

A  60  KA  discharge  was  therefore  initiated  to  the  last  boron  sample. 

At  60  KA,  an  arc  to  a  boron  reinforced  composite  neither  damaged  nor 
punctured  the  coating  and  a  colored  flasliover  pattern  was  left  on  the 
panel  surface  as  shown  in  Figure  83. 

Wiile  this  coating  was  nqt  successful  in  protecting  boron  fiber  re¬ 
inforced  composites  from  lightning  damage,  It  must  be  concluded  that  it 
provides  better  protection  to  graphite  than  to  boron.  A  100  KA  discharge 
to  the  graphite  composite  delaminated  a  1  by  5-inch  piece  of  the  outer 
ply  and  caused  resin  scorching  of  the  second  ply  as  shown  in  Figure  84. 
.Some  conduction  by  the  fibers  is  illustrated  by  the  burn  marks  at  the 
electrical  ground.  A  180  KA  discharge  punctured  the  graphite  composite 
and  caused  severe  delamination  at  the  ground  attachment  (Figure  85). 
Although  structurally  significant,  this  damage  level  is  less  than  that 
sustained  by  a  boron  composite  at  comparable  discharge  levels.  A  202- 
coulomb  test  burned  a  1-inch  hole  in  a  conductive  silver  coated  graphite 
composite.  A  2  by  4-inch  piece  of  the  outer  ply  was  explosively  dela¬ 
minated  from  the  panel  and  a  small  amount  of  burning  at  the  ground 
attachment  can  be  seen  as  shown  in  Figure  86. 

Mechanical  tests  were  performed  on  test  coupons  removed  from  these 
liglitning  tested  panels.  The  boron  panel  subjected  to  a  60  KA  discharge 
displayed  no  evidence  of  loss  in  flexural  strength  or  modulus  and  was 
effectively  protected  by  this  coating.  The  test  panels  were  damaged  by 
80  and  120  KA  discharges.  Coupons  taken  from  rhe  test  area  possessed 
25  percent  or  less  of  control  modulus  and  strength.  Test  coupons  taken 
from  visibly  undamaged  areas  near  electrical  ground  possessed  only  50 
percent  of  original  strength.  Thus,  tlie  damage  to  the  boron  panel  is 
partly  hidden  by  the  remaining  intact  coating. 

The  grapiiite  composite  pa.iel  was  much  stronger  and  stiffen.  Coupons 
*^rom  the  test  panel  subjected  to  the  180  KA  discharge  were  removed  from 
along  the  contact  area-electrical  ground  axis.  All  of  these  possessed 
at  least  80  percent  nf  their  original  mechanical  properties.  Addi¬ 
tionally,  the  202  coulomb  test  panel  was  found  to  possess  90  percent  of 
original  flexural  strength  and  modulus  for  samples  taken  with  4  inches 
f  r.'T.  the  damage  zone.  Thus,  it  is  concluded  that  graphite  composites 
are  less  easily  damaged  by  directly  injected  electrical  currents.  The 
damage  to  graphite  fiber  reinforced  composites  is  primarily  limited  to 
ti'.e  imiTiediace  vicinity  of  the  arc  contact.  In  boron  reinforced  compi^s- 
i tes ,  damage  to  the  fibers  may  travel  the  full  length  of  the  fibers 
t  ::e;i;s  e  Ives  . 
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Finally,  it  is  concluded  that  sil'ir  conductive  coatings  rely  in  part 
on  shear  bulk  or  thickness  for  coating  protective  efficiency.  The  employ¬ 
ment  of  a  1-mil  Kapton  film  underlayer  in  these  coatings  provided  little 
additional  protection  qualities.  Thus,  this  system,  apparently  must  main¬ 
tain  a  tliickness  of  at  least  8  mils  to  provide  the  desired  level  of  pro¬ 
tect  i  on. 

An  interesting  sidelight  to  these  tests  was  revealed  by  an  electron 
scanning  microscope  investigation  of  damage  to  boron  filaments.  A  por¬ 
tion  of  the  damage  area  is  shown  in  Figure  87.  Clearly  visible  is  the 
filamentary  nature  and  bidirectional  character  of  the  composite.  The 
area  shown  is  nearly  free  of  resin  as  this  was  burned  away  by  the  elec¬ 
tric  current.  The  actual  fracture  of  the  filaments  probably  occurred  as 
a  result  of  rapid  expansion  of  pyrolysis  gases  during  the  test. 

A  closer  view  of  Che  composite  is  shown  in  Figure  88.  The  lower 
right  hand  side  of  this  picture  is  a  view  of  residual  resin.  Tiie  upper 
portion  is  of  the  scrim  backing  material  whicli  supports  the  preimpreg¬ 
nated  filaments.  The  boron  filaments  clearly  illustrate  the  boron  slieath 
which  surrounds  the  tungsten  containing  core.  Three  additional  features 
are  prominent  in  this  view.  The  core  of  all  of  the  filaments  displays 
evidence  of  melting  and  resol i di f i cat  ion.  This  is  particularly  obvious 
when  compared  with  ocher  views  such  as  chat  in  Figure  15b.  Kliile  the 
filaments  of  Figtire  15b  are  fractured,  the  core  material  is  homogeneous. 
The  core  material  of  Figure  88  is  not  homogeneous,  but  shows  distinct 
grain  boundaries.  The.se  are  more  clearly  illustrated  in  Figure  89.  In 
this  view  of  the  core,  the  black  area  represents  the  boron  sheatii  while 
the  lighter  area  is  the  0.0005-inch  diameter  core.  Clearly  visible  are 
the  grain  boundaries  in  trie  core  section,  .'ulditionally,  both  the  lack 
of  a  grain  structure  at  the  edge  of  tiie  core  and  the  darker  shading  of 
this  section  indicate  this  material  is  different  in  its  chemical  nature 
than  that  of  the  interior  portion  ot  the  core.  I h i s  region  is  known  to 
be  boron  rich,  whicii  accounts  for  its  different  behavior  \7).  Trie  thick- 
nes.s  of  the  bor.'n  rich  portion  cf  the  (ore  was  deterrr.ined  from  this 
photograph  to  be  nearly  L). 00005  inc'nes  il.2  microns').  Tl.is  is  in  good 
agreement  with  electron  micr. 'probe  X-ray  aralvsi.,  wiiicii  reported  a  boron 
rich  region  2  to  3  ir.icrons  thick  (7). 

Another  prominent  feature  of  Figure  8b  is  trie  interior  crack  dis¬ 
played  by  the  filament  on  trie  left  side.  This  llaw  is  not  visible  from 
the  outside  of  the  filament.  Kin. illy,  all  of  the  filaments  display  a 
series  of  iu:les  which  are  g.'neraiiy  near  tlieir  outer  noundaries  .tl  though 
some  of  the  filaments  have  holes  nearer  their  centers.  T'nese  are  more 
prominently  displayed  in  Figure  90.  This  shows  trie  tioles  to  be  deep 
and  of  r.i’n- iin  i  f  o  rm  c  ros  s-sec  t  i  (jr; .  Addi  t  i  I'na  1 1  y ,  an  unidentified  sheath 
exists  about  tiie  filair.encs.  I't.  i  s  too  is  very  p.'rcus. 

I'hesc  filament  flaws  undoubtedly  It'ud  to  poor  structural  perfrrmance 
and  the  loss  of  strength  and  modulus  of  the  filaments.  It  appears  prob¬ 
able  that  these  flaws  are  iniierent  in  llie  material  and  are  not  due  to 
lig'iitning  currents.  this  is  because  the  void  areas  do  nut  display  an 
indicaLiun  of  t!ie  cracking  wiiicii  w..>uld  ac.  .inpanv  ne  ’  t  ;  ng  or  vaporisation 
due  to  i.iule  heating. 
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5.3  ELECTROMAGNETIC  MEASUREMENTS 


Measurements  of  the  electromagnetic  shielding  capability  of  the  ad¬ 
vanced  composite  were  conducted.  Panels  were  tested  for  H-field  inser¬ 
tion  loss  as  a  function  of  frequency  as  shown  in  the  setup  of  Figure  91. 
The  test  coils  are  small  enough  to  be  regarded  as  magnetic  dipoles  and 
thus  permit  calculation  of  results  for  uniform  sheets  of  material  of 
known  thickness  and  conductivity.  These  calculations  have  been  verified 
by  test.  The  dynamic  range  of  measurement  is  limited  by  the  size  of 
panel  available;  "fringing"  occurs  around  the  edge  of  the  test  sheet  at 
higher  frequencies,  i.e.,  insertion  loss  will  then  also  depend  on  panel 
size.  No  measurements  were  made  above  frequencies  at  which  fringing 
occurred  on  the  test  panels. 

From  the  test  results,  the  following  conclusions  were  drawn. 

A.  Uncoated  boron  fiber  panels  have  no  intrinsic  shielding  effec- 
t i veness . 

B.  Uncoated  graphite  panels  have  slight  shielding  effectiveness, 
in  conformance  with  measured  conductivity. 

C.  Of  the  coatings  tested,  fine  mesh  aluminum  fabric,  aluminum 
foil,  flame  spray  aluminum,  and  copper  wire  fabric  are  reason¬ 
ably  effective,  in  descending  order.  Potassium  nitrate  pig¬ 
mented  epoxy,  silver  pigmented  epoxy,  aluminum  filled  poly¬ 
urethane  paints  and  coarse  aluminum  mesh  were  ineffective. 

Measurements  of  the  induced  voltage  in  an  individual  fiber  due  to 
the  high  current  component  discharge  was  also  conducted.  A  total  of  six 
panels,  three  each  of  boron  and  graphite,  were  tested;  these  panels  con¬ 
sisted  of  panels  which  were  uncoated,  coated  with  aluminum  knitted  wire 
mesh,  and  coated  with  aluminum  foil.  The  knitted  mesh  had  a  3-mil  diam¬ 
eter  wire  with  a  mesh  density  of  13  by  29  and  the  aluminum  foil  was  1-mil 
thick. 

Because  of  the  practical  difficulties  of  instrumenting  a  single 
boron  or  graphite  fiber,  a  28  gage  insulated  copper  wire  was  laid  in 
the  laminate  along  the  12-inch  dimension  to  simulate  a  single  fiber. 

The  leads  were  connected  to  a  load  resistor  equivalent  to  the  total  re¬ 
sistance  of  a  fiber  and  the  output  of  the  resistor  was  then  connected 
to  the  battery  operated  Tektronix  432  oscilloscope  to  record  the  measured 
induced  voltage.  It  is  believed  that  this  simulation  is  adequate  because 
the  induced  voltage  on  a  conductor  due  to  resistive  coupling  in  a  uniform 
field  is  independent  of  the  diameter  of  the  wire. 

The  tests  on  uncoated  substrates  and  panels  coated  with  alur.inum 
knitted  wire  mesh  were  unsuccessful.  All  the  instrumented  wires  were 
vaporized  due  to  the  highly  concentrated  conduction  current,  i.e.,  the 
conduction  current  largely  flowed  through  the  copper  wire  instead  of 
uniformly  passing  through  ail  fibers.  Only  the  aluminum  foil  coated  sub¬ 
strate  yielded  results.  It  was  found  that  Induced  voltage  on  a  single 
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Figurr  91  LABORA  TORY  SETUP  FOR  EM!  MEASURE,\'E/\'T 
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fiber  In  a  boron  substrate  was  about  400  volts  peak- to-peak. ,  in  a  graphite 
substrate,  300  volts  peak-to-peak  both  at  a  discharge  current  of  70  KA, 

According  to  the  results  from  Reference  7,  the  dynamic  Impedance  of 
a  5-inch  boron  fiber  varies  from  1000  ohms  to  2700  ohms  based  on  the 
current  amplitude  and  the  static  resistance  is  about  550  ohms.  From  this 
data  and  the  above  induced  voltage  test  results,  it  can  be  extrapolated 
that  the  induced  rms  current  on  a  single  boron  fiber  with  a  200  KA  dis¬ 
charge  will  not  be  higher  than  1.4  amp.  The  same  extrapolation  applied 
to  graphite  fibers  yields  the  result  that  the  naximum  induced  rms  cur¬ 
rent  on  a  single  graphite  fiber  is  approximately  7  ma  at  a  200  KA  dis¬ 
charge  . 
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SECTION  VI 

CONCLUSIONS  AND  RECOMMENDATIONS 


A  parametric  study  has  been  completed  on  lightning  protection  re¬ 
quirements  for  boron-epoxy  and  graphite-epoxy  laminates.  Damage  mechan¬ 
isms  have  been  identified  and  protective  coating  systems  have  been  devel¬ 
oped  and  tested. 

Boron  filament  and  graphite  fiber  reinforced  plastics  are  very  sus¬ 
ceptible  to  lightning  damage.  Damage  to  boron  filaments  is  of  two  types: 
(a)  at  low  current  levels,  the  filaments  are  not  visibly  damaged  but  are 
weakened,  probably  due  to  thermal  stresses  at  the  tungsten/boron  inter¬ 
face;  and  (b)  at  high  current  levels  the  tungsten  containing  core  behaves 
as  an  exploding  wire  and  ruptures  tlie  filaments  from  within.  Damage  to 
graphite  composites  Is  of  a  different  nature.  As  the  fibers  conduct 
electrical  currents,  they  are  subject  to  Joule  heating.  This  causes 
resin  pyrolysis  at  the  fiber-matrix  interface  and  destroys  the  fiber- 
matrix  bond.  The  explosive  expansion  of  the  pyrolysis  gases  causes  de¬ 
lamination. 

Numerous  tests  of  potential  lightning  protective  coatings  for  boron 
fiber  and  graphite  fiber  reinforced  plastics  have  shown  that  succes.sful 
coatings  provide  one  of  the  following; 

A.  A  surface  with  good  electrical  and  thermal  conductivities  to 
divert  the  high  energy  from  a  lig’ntning  strike. 

H.  A  conductive  surface  and  a  high  dielectric  underlayer  to  yield 
a  surface  flashover  for  the  lightning  arc  without  an  electrical 
breakdown  between  the  arc  and  the  fibers. 

t.  An  electrically  resistive  surface  with  a  high  dielectric 

strength  underlayer,  and  attached  metal  members.  The  coating- 
dielectric  system  prevents  attachment  <'f  the  arc  to  the  rein¬ 
forcing  fibers,  while  tlie  metal  members  lead  the  current  to 
the  ground. 

All  of  the  successful  coating  systems  can  be  identified  as  belonging 
to  one  of  these  categories.  Coating  concepts  which  were  not  successful, 
generally  failed  because  they  did  not  provide  a  low  energy  pathway  to 
electrical  gr.iund. 

Damage  to  composites  by  lightning  discharge  can  be  of  two  types: 

A.  High  coulomb  transfer  tests  vield  highly  localized  damage. 

This  damage  is  primarily  thermal  and  is  due  to  the  attachment 
of  a  long  duration  high  temperature  arc.  The  high  surface 
temperature  due  to  joule  h.eaclng  will  be  a  problem  if  the  com¬ 
posite  is  used  in  a  temperature  sensitive  area  such  as  fuel 
tank  skin. 
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B.  High  current  discharges  ucualiv  cause  electrical  damage  over  a 
wider  area.  This  is  due  to  the  high  potential  levels  which 
cause  the  discharge  currents  to  spread  out  from  the  contact 
point.  Mechanical  damage,  a  by-product  from  the  shock  wave, 
will  be  reduced  with  a  heavier  structure. 

This  same  type  of  damage  is  incurred  by  the  coatings. 

Specific  coating  comments  include: 

A.  Continuous  metal  foils  are  one  means  of  protecting  high  modulus 
composites  from  lightning  damage.  Aluminum  is  the  best  mater¬ 
ial  for  this  purpose.  one  mil  foil  provides  good  protection 
at  moderate  discharges  (ca  iOO  KA)  but  a  6  mi  1  foil  is  neces- 
■sary  for  higher  level  discharges. 

B.  Of  the  metal  pigmented  paints,  only  silver  pigments  provide  the 
conductivity  necessary  for  lightning  protection.  Th.e  silver 
pigmented  coating  must  be  at  least  6  mils  to  8  mils  thick. 
Tliinner,  4-mil,  coatings  even  with  1-nIl  Kapton  dielectric 
underlayers,  are  not  sufficient;  however,  this  coating  system 
provides  some  protection  against  low  level  discharge. 

C.  Flame  and  plasma  sprayed  aluminum  behave  much  like  continuous 
metal  foils.  This  unique  surface  does  tend  to  erbance  surface 
flashover  for  these  coatings  as  coating  puncture  v.oes  not 
occur  as  with  continuous  foils.  These  .-.ystoms  are  required  to 
he  at  lea.st  4  mils  thick  for  moderate  discltarge  levels,  but 
6-S  mils  are  required  for  iugh  discharge  levels. 

U.  l.ow  conductive  coatings  ca;:  provide’  ^-xcellent  lightning  protec¬ 
tion  when  eorcain  electrical  properties  are  provided.  Inor¬ 
ganic  salt  pigmented  epoxies  have  performed  v.'ell  in  this 
regard.  The  coating  incorporates  continuous  vetal  strips  as 
expendable  conductive  m.ei'.bers  to  carry  current  to  electric 
ground . 

K  W.'ven  wire  labrics  and  knitted  wire  mes'n  provide  the  most  ef¬ 
ficient  lightning  protection  system.  T'-ese  materials  must 
provide  a  metal  tliickness  conparai^ie  of  at  least  1.5  mils  cf 
.!  1  uit  i  n un.  foil  by  w e i gh  t . 

incoated  n o r.)!!/ epoxy  or  grapli  i  te  T'p.ixy  Jo  net  provide  .an.v  electro¬ 
magnetic  shielding.  Coated  s  ub.s  t  r  at  es  ,  except  fine  woven  wire  fabrics 
and  foil  coating.s,  do  not  provide  any  significant  IM  shielding.  Due  to 
this  n.ior  KM  sliiclding  property  of  the  un.u'ated  or  ooated  substrate,  an 
induced  current  in  a  filament  can  be  expected;  iiowever,  the  extrapolated 
test  Gata  indicate  ttie  induced  currents  will  n,'t  degrade  tlte  1.  i  gh  modulus 
f  ib  e  r.s  . 
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Although  the  success  of  the  Investigation  reported  herein  surpasses 
pre-contract  predictions,  there  are  several  aspects  of  protective  coating 
usage  chat  may  warrant  attention.  First,  further  consideration  should 
be  given  to  optimization  of  the  coating  systems  for  operational  use  in 
terms  of  cost,  weight,  environmental  compatibility  and  ease  of  applica¬ 
tion.  Secondly,  an  analysis  is  reconunended  of  the  impact  of  the  protec¬ 
tive  coatings  on  all  aircraft  electrical  and  electronic  systems  to  ensure 
that  safety,  reliability,  economy,  and  operational  performance  are  not 
compromised.  Additionally,  it  is  recommended  that  the  electrical  tests 
be  expanded  to  include  swept  strokes  and  restrikes  to  more  nearly  simu¬ 
late  a  natural  lightning  environment,  thereby  improving  the  analysis 
criteria. 
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APPENDIX 


GENERAL  DESCRIPTION  OF  THE  TEST  PANELS 


OQ1-FG01-AFQ2C-0000 _ Figure  A-1  July  28,  1969 

A  3M  spray  adhesive  iHl  was  used  to  bond  a  2-mil  aluminum  foil  to  this 
fiberglas  panel  with  no  undercoating.  An  80  KA  discharge  with  a  pulse 
of  AO  us  was  directed  to  this  coated  panel. 

No  damage  to  the  substrate  was  observed. 


Q02-FGQ2-AF03C-0000 _ Figure  A-1  July  28,  1969 

A  '*M  spray  adhesive  Wll  was  used  to  bond  a  3-mtl  aluminum  foil  to  this 
fiberglas  panel  with  no  undercoating.  An  80  KA  discharge  with  a  pulse 
of  AO  us  was  directed  to  this  coated  panel. 

No  damage  to  the  substrate  was  observed. 


003-FG0  3-AF03C-0000 _ Figure  A-1 

A  3M  spray  adhesive  //77  was  used  to  bond  a  3-mll 
fiberglas  panel  with  no  undercoating.  TVo  90  KA 
to  this  coated  panel  with  a  pulse  duration  of  AO 


July  29,  1969 
aluminum  foil  to  this 
discharges  were  directed 
us . 


No  damage  to  the  substrate  was  observed. 

OOA-FGQA-AF02C-0000 _ Figure  A-1  July  29,  1969 

A  3M  spray  adhesive  j/77  was  used  to  bond  a  2-mi  1  aluminum  foil  to  this 
fiberglas  panel  with  no  undercoating.  Two  90  KA  discharges  with  a  pulse 
duration  of  AO  us  were  directed  to  this  coated  panel. 


No  damage  to  the  substrate  was  observed. 


006-FG06-AF01C-0000  Figure  A-2  August  6,  1969 

A  3M  spray  adhesive  #77  was  used  to  bond  a  1-mil  aluminum  foil  to  this 
fiberglas  panel  with  no  undercoating.  A  110  KA  dlsc'riarge  with  a  pulse 
duration  of  25  .jS  was  directed  to  this  coated  panel. 


No  damage  to  the  substrate  was  observed;  part  of  the  foil  along  the  panel 
edge  was  peeled. 

OO7-FGO7-AF01C-U00O _ Figure  A-2  August  6,  1969 

A  3M  spray  adhesive  #77  was  used  to  bond  a  1-mil  aluminum  foil  to  this 
fiberglas  panel  with  no  undcrcoating.  A  110  KA  discharge  with  a  pulse 
duration  of  25  us  was  directed  to  this  coated  panel. 

No  damage  to  the  substrate  was  observed. 
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008-FG08-AF01C-KF01 _ Figure  A-2  August  6,  1969 

A  3M  spray  adhesive  //77  was  used  to  bond  a  1-mil  aluminum  foil  to  this 
fiberglas  panel  with  an  undercoating  of  1  mil  Kapton  film.  A  110  KA 
discharge  with  a  pulse  duration  of  25  us  was  directed  to  this  coated 
panel . 

No  damage  to  the  substrate  was  observed;  however,  part  of  the  foil  along 
the  edge  was  peeled. 

009-FG09-AFriC-KFOI _ Figure  A-3  August  6,  1969 

A  3M  spray  adhesive  f/77  was  used  to  bond  a  1-mil  aluminum  foil  to  this 
fiberglas  panel  with  an  undercoating  of  a  2-mil  Kapton  film.  A  110  KA 
discharge  with  a  pulse  duration  of  25  is  was  directed  to  this  coated 
panel . 

No  damage  to  the  substrate  was  observed;  however,  part  of  the  foil  along 
the  edges  was  peeled. 

Q10-FG1Q-AF01C-KF02 _ Figure  A-3  August  6,  1969 

A  3M  spray  adhesive  iill  was  used  to  bond  a  1-mil  aluminum  foil  to  this 
fiberglas  panel  with  an  undercoating  of  a  2-mil  Kapton  film.  A  110  KA 
discharge  with  a  pulse  duration  of  25  us  was  directed  to  this  coated 
panel . 

No  damage  to  the  substrate  was  observed. 

011-FG11-AF01C-KF02 _ Figure  A-3  August  7,  1969 

A  3M  spray  adhesive  «77  was  used  to  bond  a  1-mil  aluminum  foil  to  this 
fiberglas  panel  with  an  undercoating  of  a  2-mil  Kapton  film.  A  110  KA 
discharge  with  a  pulse  duration  of  25  us  was  directed  to  this  coated 
panel . 

No  damage  to  the  substrate  was  observed. 

012-FG12-AF01C-KF03  Figure  A-3  August  7,  1969 

013-FG13-AFO 1C-KF03 _ Figure  A-4 

A  3M  spray  adhesive  ”77  was  used  to  bond  a  1-mil  aluminum  foil  to  these 
two  fiberglas  panels  with  an  undercoating  of  a  3-mil  Kapton  film.  Two 
110  KA  discharges  with  a  pulse  duration  of  25  .;s  were  directed  to  these 
two  identically  coated  panels. 

No  damage  was  observed  on  either  substrate;  however,  part  of  the  foil 
along  the  edges  was  peeled. 
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014-FG14-AF0 IP-COOO _ Figure  A-4  August  7,  1969 

An  electric  aluriinum  tape  of  1-mll  thick  and  1-lnch  wide  was  bonded  to 
this  flberglas  panel  with  no  undercoatlng.  A  110  KA  discharge  with  a 
pulse  duration  of  25  us  was  directed  to  the  center  tape. 

N'o  damage  to  the  FG  panel  was  observed;  however,  badly  burned,  bubbled 
and  pitted  tapes  were  evidenced  at  the  overlapped  taped  area. 

015-FG15-AF01P-0QQ0 _ Figure  A-4  August  7,  1969 

An  electrical  aluminum  tape  of  1-mll  thick  and  1-inch  wide  was  bonded  to 
this  flberglas  panel  with  no  undercoating.  A  110  KA  discharge  with  a 
pulse  duration  of  25  us  was  directed  to  the  center  tape, 

N'o  damage  to  the  FG  panel  was  observed;  however,  most  of  the  tape  was 
vaporized.  Badly  burned  capes  were  produced  at  the  overlapped  areas  of 
tape . 

016-BR01-AF01C-KF01 _ Figure  A-4  August  25,  1969 

A  1-mi 1-a lumlnum  foil  was  adhesively  bonded  to  this  boron  panel  with  a 
1-m.il  Kapton  film  undercoatlng.  The  adhesive  was  epoxy,  BMS  5-29.  A 
16  KV  discharge  was  initiated  to  this  coated  panel;  the  discharge  current 
had  a  peak  amplitude  of  87  KA  with  a  rlsecime  of  16  .is  and  a  duration  of 
30  js  . 

No  visible  damage  to  ttie  substrate  was  observed;  however,  the  foil  was 
wrinkled  and  part  of  the  foil  along  both  edges  was  peeled  off. 

017-BR02-AF01C-0000 _ Figure  A-5  August  25,  1969 

.A  1-mil  aluminum  foil  was  integrally  bonded  tc  tills  boron  panel  witii  no 
undercoatlng.  An  18  KV  discharge  was  initiated  to  tills  coated  panel  ; 
tiie  discharge  current  had  a  peak  amplitude  of  100  KA  witli  a  risetime  of 
18  u.s  and  a  liuracion  of  32  '.-s . 

N'o  visible  damage  to  the  substrate  was  observed;  however,  some  burned 
spots  of  vaporized  aluminum  foil  were  shown  and  were  probably  due  to 
resistive  heating. 

018-BR0  3-AF01P-0000 _ Figure  A-5  .August  25,  1969 

An  electrical  aluminum,  cape  of  1-mil  thick  and  1-inch  wide  was  bonded 
to  this  boron  panel  with  no  undercoat ing .  .A  17  KV  discharge  was  directed 
to  this  coated  panel;  the  discharge  current  had  a  peak  amplitude  of  94  KA 
with  a  risetime  of  18  is  and  a  duration  of  32  „s. 

No  visible  damage  to  the  substrate  was  observed.  However,  the  center 
tape  was  completely  vaporized,  the  top  tape  (tlie  cape  on  the  end  other 
than  the  grounded  side)  was  severely  burned  and  there  was  also  very  bad 
bubbling  and  pitting  between  the  overlapped  area  of  the  tapes. 
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019-GP01-AF01C-0000 


Figure  A-5  August  25,  1969 

A  1-mil  aluminum  foil  was  adhesively  bonded  to  this  graphite  panel  with 
no  undercoating,  The  adhesive  was  an  epoxy,  BMS  5-29.  Two  discharges 
were  directed  to  this  coated  panel.  The  first  one  had  a  17  KV  discharge, 
the  discharge  current  had  a  peak  amplitude  of  94  ItA  with  a  risetime  of 
18  mS  and  a  duration  of  32  us;  no  visible  damage  to  the  substrate  was 
observed  although  the  foil  along  both  the  edges  was  peeled.  The  second 
one  was  a  30  KV  discharge  with  the  crowbar  swltcli  disconnected.  Ttiis 
exponentially  decayed  oscillating  discharge  current  had  a  peak  amplitude 
of  167  KA  with  a  ringing  frequency  of  32  kHz;  the  substrate  had  a  one- 
inch  puncture  hole. 

020-GP02-AF01P-0000 _ Figure  A-5  August  25,  1969 

An  electrical  aluminum  tape  of  1-rail  thick  and  1-inch  wide  was  bonded 
to  this  graphite  panel  with  no  undercoating.  A  17  KV  discharge  was 
initiated  to  this  coated  panel;  the  discharge  current  had  a  peak  ampli¬ 
tude  of  94  KA  with  a  rise  time  of  18  us  and  a  duration  of  32  „s . 

No  visible  damage  to  the  substrate  was  observed.  However,  the  center 
tape  was  completely  vaporized,  the  Cop  tape  (the  tape  on  the  end  other 
than  the  grounded  side)  was  severely  burned  and  there  was  also  very  bad 
bubbling  and  pitting  between  the  overlapped  area  of  tapes, 

O21-GP03-AFO3C-QOQO _ Figure  A-6  August  25,  1969 

A  3-mil  aluminum  foil  was  adhesively  bonded  to  this  graphite  panel  with 
no  undercoating.  The  adhesive  was  epoxy,  BMS  5-29,  A  17  KV  discharge 
was  initiated  to  this  coated  panel;  the  discharge  current  had  a  peak 
amplitude  of  94  KA  with  a  risetime  of  18  cs  and  a  duration  of  32  ;.s . 

A  slightly  burned  substrate  surface  was  produced  and  most  of  tlie  foil 
was  wrinkled. 

022-GP04-AF0 3-KFO 1  Figure  A-6  August  25,  1969 

A  3M  spray  adliesive  ••‘77  was  used  to  bond  a  3-riil  aluminum  foil  to  this 
graphite  panel  with  an  undercoating  of  1-mil  Kapton  film.  A  17  KV 
discharge  was  initiated  to  this  coated  panel;  the  discharge  current  had 
a  peak  amplitude  of  94  KA  with  a  risetime  of  16  i.s  and  a  duration  of 
30  uS. 

A  small  visible  burned  mark  on  the  Kapton  film  unde r coat i ng  was  observ'ed. 

023-GPQ5-AF03C-KF02 _ Figure  A-6  August  25  ,  1969 

A  3M  spray  adhesive  '■•77  was  used  to  bond  a  3-mil  aluminum  foil  to  this 
grapliite  panel  with  an  undercoating  of  a  2-mil  Kapton  film.  A  17  KV 
discharge  was  directed  to  this  coated  panel;  the  discharge  current  had 
a  peak  amplitude  of  94  KA  with  a  risetime  of  16  '..s  and  a  duration  of 
30  4s. 

No  visible  damage  to  the  substrate  was  observed. 
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024-GP06-AF01C-KF01 _ Figure  A-6  August  25,  1969 

A  3M  spray  adhesive  iHl  was  used  to  bond  a  1-mil  aluminum  foil  to  this 
graphite  panel  with  an  undercoating  of  a  1-mil  Kapton  film.  Because  of 
the  noor  bonding  process,  there  were  wrinkles  on  the  surface  of  the 
Coil  before  the  coated  panel  was  tested.  A  17  K.V  discharge  was  directed 
to  this  panel;  the  discharge  current  had  a  peak  amplitude  of  94  KA  with 
a  risetime  of  16  ts  and  a  duration  of  30  as. 

No  visible  damage  to  the  substrate  was  observed;  however,  part  of  the 
foil  along  both  the  edges  was  peeled  off. 

025-GP07-AF01C-KF03 _ Figure  A-7  August  26,  1969 

A  3M  spray  adhesive  «77  was  used  to  bond  a  1-mil  aluminum  foil  to  this 

graphite  panel  with  an  undercoating  of  a  3-mil  Kapton  film.  A  17  KV 

discharge  was  directed  to  this  coated  panel;  the  discharge  current  had 
a  peak  amplitude  of  94  KA  with  a  risetime  of  16  i,s  and  a  duration  of 
10  js  . 

A  slightly  burned  mark  on  the  Kapton  film  surface  was  produced  and  part 
of  the  foil  along  both  edges  was  peeled  off. 

026-GP08-AF03C-KFQ3 _ Figure  A-7  August  26,  1969 

A  3M  spray  adhesive  <*77  was  used  to  bond  a  3-mil  aluminum  foil  to  this 

graphite  panel  with  an  undercoating  of  a  3-mil  Kapton  film.  A  20  KV 

discharge  was  initiated  to  this  coated  panel;  the  discharge  current  had 
,1  peak  amplitude  of  123  KA  with  a  risetime  of  16  ..s  and  a  duration  of 
10  us  . 

The  graphite  panel  was  cracked. 

027-GP09-AFQ1C-KF02 _ Figure  ■A-7  August  26  ,  1969 

An  epoxy  adl'.esive,  BMS  5-29,  was  used  to  bond  a  1-mil  aluminum  foil  to 
this  graphite  panel  with  an  undercoating  of  a  2-mil  Kapton  film.  An 
18  KV  discharge  was  initiated  to  this  coated  panel;  the  discharge  current 
had  a  peak  amplitude  of  100  KA  with  a  risecime  of  16  .-s  and  a  duration 
of  30  us  . 

A  small  burned  spot  on  the  Kapton  film  surface  was  produced,  and  burned 
and  peeled  aluminum  foil  was  also  observed. 

028-BR04-AF03C-KF03 _ Figure  A-7  August  26,  1969 

A  3M  spray  adhesive  <*77  was  used  to  bond  a  3-mil  aluminum  foil  to  this 
boron  panel  with  an  undercoating  of  a  3-mil  Kapton  film.  An  18  KV  dis¬ 
charge  was  directed  to  this  coated  panel;  the  discharge  current  had  a 
peak  amplitude  of  100  KA  with  a  risetime  of  16  „s  and  a  duration  of 
30  us. 

No  visible  damage  to  the  substrate  was  observed. 
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029-BR05-AS04C-0Q00  Figure  A-8  August  26,  1969 

This  borcn  panel  was  ci  ated  with  a  4-mll  flame-sprayed  aluminum  paint 
with  no  undercoating.  An  18  KV  discharge  was  initiated  to  this  coated 
panel;  the  discharge  current  had  a  peak  amplitude  of  100  KA  with  a  rise- 
time  of  16  us  and  a  duration  of  30  ps . 

No  visible  damage  ..to  the  substrate  was  observed;  however,  many  burned 
marks  on  the  aluminum  paint  surface  were  produced. 

03O-BR06-ASO4C-OOQO _ Figure  A- 16  August  26  .  1969 

This  boron  panel  was  coated  with  4-mil  flame-sprayed  aluminum  with  no 
undercoating.  There  were  two  discharges  directed  to  this  coated  panel. 

The  first  one  was  an  18  KV  discharge  which  had  a  peak  amplitude  of  100  KA 
with  a  rise  time  of  16  Us  and  a  duration  of  30  us. 

No  visible  damage  to  the  substrate  was  observed  although  many  burned  marks 
on  the  aluminum  paint  surface  were  produced. 

The  second  discharge  had  a  29  KV  peak  with  the  crowbar  switch  discon¬ 
nected.  This  exponentially  decayed  oscillating  discharge  current  had  a 
peak  amplitude  of  160  KA  with  a  ringing  frequency  of  32  kHz. 

The  substrate  was  severely  damaged  and  the  aluminum  paint  surface  was 
also  badly  burned. 

031-BR07-AF03C-KF02 _ Figure  A-8  August  26  .  1969 

A  3M  spray  adhesive  iHl  was  used  to  bond  a  3-mil  aluminum  foil  to  this 

boron  panel  with  an  undercoating  of  a  2  mil  Kapton  film,  A  19  KV  dis¬ 

charge  was  initiated  to  this  coated  panel;  the  discharge  current  had  an 
amplitude  of  109  KA  with  a  risetirae  of  16  us  and  a  duration  of  30  us. 

The  substrate  was  cracked  which  could  have  been  caused  by  the  high 
pressures  generated  by  the  stroke,  or  by  a  collision  between  the  discharge 
probe  and  the  panel;  however,  the  surface  of  the  Kapton  film  undercoating 
was  not  damaged. 

032-BR08-AF03C-0000 _ Figure  A-8  August  26,  1969 

A  3M  spray  adhesive  iHl  was  used  to  bond  a  3-mil  aluminum  foil  to  this 

boron  panel  with  no  undercoat ing.  An  18  KV  discharge  was  directed  to 

this  coated  panel;  the  discharge  current  had  a  peak  amplitude  of  107  KA 
with  a  risetime  of  16  Us  and  a  duration  of  30  us. 

The  substrate  was  cracked  which  could  have  been  caused  by  the  high  pres¬ 
sures  generated  by  the  stroke,  or  by  a  collision  between  the  discharge 
probe  and  the  panel;  however,  the  Kapton  film  was  not  damaged. 
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033-BR09-AF01C-KF03 


Figure  A-8  August  26,  1969 

An  epoxy  adhesive,  BMS  5-29,  was  used  to  bond  a  1-mil  aluminum  foil  to 
thio  boron  panel  with  an  undercoating  of  a  3-mll  Kapton  film.  An  18  KV 
discharge  was  initiated  to  this  coated  panel;  the  discharge  current  had 
a  peak  amplitude  of  107  KA  with  a  risetime  of  12  us  and  a  duration  of 
26  us . 

No  damage  to  the  substrate  was  observed. 

034-FG16-AF02C-KF03 _ Figure  A-9  August  26,  1969 

A  3M  spray  adhesive  #77  was  used  to  bond  a  2-mil  aluminum  foil  to  this 
flberglaa  panel  with  an  undercoating  of  a  3-mil  Kapton  film.  The  crow¬ 
bar  switch  was  disconnected  from  the  simulator,  a  30  KV  discharge  was 
then  directed  to  this  coated  panel  and  the  exponentially  decayed  oscil¬ 
lating  discharge  current  had  a  peak  amplitude  of  160  KA  with  a  ringing 
frequency  of  33  kHz. 

No  damage  to  the  flberglas  substrate  was  observed. 

035-FG17-AFQ2C-KF03 _ Figure  A-9  August  27,  1969 

A  3M  spray  adhesive  #77  was  used  to  bond  a  2-mil  aluminum  foil  to  this 
flberglas  panel  with  an  undercoating  of  a  3-mll  Kapton  film.  An  18  KV 
discharge  was  directed  to  this  coated  panel;  the  discharge  current  had 
a  peak  amplitude  of  100  KA  with  a  risetime  of  14  us  and  a  duration  of 
26  us  . 

No  visible  damage  Co  the  flberglas  substrate  was  observed. 

036-BR10-AF01C-0000 _ Figure  A-9  August  27,  1969 

A  1-mll  aluminum  foil  was  integrally  bonded  to  the  boron  panel  with  no 
undercoating.  An  18  KV  discharge  was  initiated  to  this  coated  panel;  the 
discharge  current  had  an  amplitude  of  100  KA  with  a  risetime  of  14  us 
and  a  duration  of  26  us. 

A  visible  crack  was  observed  on  the  back  side  of  the  substrate,  and 
burned  marks  of  the  aluminum  foil  along  both  the  edges  were  also  shewn; 
however,  the  front  surface  of  the  substrate  was  found  to  have  no  damage. 

037-3Rll-AF01C-:--.F0  2 _ Figure  A-9  August  27  ,  1969 

The  epoxy  adhesive,  BMS  5-29,  was  used  to  bond  a  1-mil  aluminum  foil 
to  this  boron  panel  with  an  undercoating  of  a  2-mll  Kapton  film.  An 
18  KV  discharge  was  directed  to  this  coated  panel;  the  discharge  current 
had  an  amplitude  of  100  KA  with  a  risetime  of  14  us  and  a  duration  of 
26  us . 

No  damage  to  the  substrate  was  observed;  however,  part  of  the  foil  was 
burned  and  peeled. 


191 


038-BR11-AF03C-KF01 _ FI  sure  A- 10  August  27,  1969 

The  epoxy  adhesive,  BMS  5-29,  was  used  to  bond  a  1-mil  aluminum  foil 
to  this  boron  panel  with  an  undercoating  o-  a  2-mil  Kapton  film.  An 
18  KV  discharge  was  directed  to  this  coated  panel;  the  discharge 
current  had  an  amplitude  of  100  KA  with  a  risetime  of  14  Us  and  a 
duration  of  26  us . 

No  damage  to  the  substrate  was  observed. 

039-BR13-00000-KF01 _ Figure  A- 10  August  27,  1969 

This  boron  panel  had  no  protective  coating.  A  1-mil  Kapton  film  was 
between  the  first  and  second  fiber  plies  which  provided  the  outer  ply 
as  a  sacrif ici'al  layer.  An  18  KV  discharge  was  initiated  to  this  coated 
panel;  the  discharge  current  had  an  amplitude  of  43  KA  with  a  risetime 
of  14  us  and  a  duration  of  44  us. 

The  substrate  was  punctured  with  several  holes,  burned  mrhs  were 
shown  all  over  the  front  surface,  and  a  few  burned  marks  were  also  shown 
on  the  back  side  of  the  substrate. 

040-BR14-0G000-0000 _ Figure  A- 10  August  27,  1969 

This  was  an  uncoated  boron  panel.  An  18  KV  discharge  was  directed  to 
the  panel;  the  discharge  current  had  an  amplitude  of  43  KA  with  a  rise- 
time  of  14  Us  and  a  duration  of  44  ps . 

The  substrate  was  severely  damaged,  burned  marks  were  shown  all  over  the 
front  surface  and  fewer  burned  marks  were  shown  on  the  back  side  of  the 
substrate. 


041-BR15-AF01C-0000 _ Figure  A-10  September  16,  1969 

.•\  1-mil  aluminum  foil  was  integrally  bonded  to  this  boron  panel  on  the 
scrim  clotl;  side  of  the  tape  and  no  undercoating  was  applied.  The  fibers 
of  this  boron  panel  were  unidirectional.  An  IS  KV  discharge  was  directed 
to  this  coated  panel;  the  discharge  current  had  an  amplitude  of  95  KA 
with  a  risetime  of  15  us  and  a  duration  of  28  us. 

The  whole  panel  was  c 'ached  at  the  center  along  the  direction  of  the 
fiber;  however,  no  visible  damage  to  the  substrate  surface  was  observed. 

042-BP 16-AFOlC-OOOO _ Figure  A-11  September  16,  1969 

A  1-mil  aluminum  foil  was  integrally  bonded  to  this  boron  panel  on  the 
scrim  cloth  side  of  the  tape,  and  no  undercoating  was  applied.  An  18  KV 
discharge  was  directed  to  the  coated  panel;  the  discharge  current  had 
an  amplitude  of  95  KA  with  a  risetime  of  15  us  and  a  duration  of  28  „s , 

A  crack  was  observed  on  the  back  side  of  the  substrate. 


043-BR17-AF01C-0000  Flaure  A-11  September  17,  1969 

A  1-mll  aluminum  foil  was  integrally  bonded  to  this  boron  panel  on  the 
boron  side  of  the  cape.  Ko  undercoating  was  applied.  Two  18  KV  dis¬ 
charges  were  directed  to  this  coated  panel,  both  of  the  discharges  had 
a  current  crest  of  95  KA  with  a  risetlme  of  15  us  and  a  duration  of  28  us . 

No  visible  damage  to  the  substrate  was  observed.  However,  burned  and 
vaporized  aluminum  foil  was  shown.  The  vaporized  aluminum  foil,  as 
shown  on  the  bottom  of  the  panel,  was  caused  by  the  second  discharge 
located  on  the  top  of  the  panel. 

OAA-GP1O-AFO6C-O0OQ _ Figure  A-11  September  16,  1969 

An  epoxy  adhesive,  BMS  5-29,  was  used  to  bond  a  6-mil  aluminum  foil  to 
this  graphite  panel  with  no  undercoating.  Two  18  KV  discharges  were 
directed  to  this  coated  panel;  both  of  the  discharges  had  a  current  crest 
of  95  KA  with  a  risetime  of  15  us  and  a  duration  of  28  us. 

No  damage  to  Che  substrate  was  observed  from  the  first  discharge;  however, 
a  small  burned  substrate  surface  was  produced  at  the  second  discharge, 

OA5-BR18-AF01C-0000 _ Figure  A-11  September  18,  1969 

A  1-mll  aluminum  foil  was  integrally  bonded  to  this  boron  panel  on  the 
boron  side  of  the  cape;  no  undercoating  was  applied,  hvo  18  KV  dis¬ 
charges  were  directed  to  this  coated  panel;  both  of  the  discharges  had 
a  current  crest  of  95  KA  with  a  risetlme  of  15  us  and  a  duration  of  28  us. 

No  visible  damage  to  the  substrate  was  observed  except  burned  and  vapor¬ 
ized  aluminum  foil;  the  vaporized  aluminum  as  shown  on  the  bottom  of  the 
panel  was  caused  by  the  second  discharge  which  was  directed  to  the  top 
of  the  panel. 

OA6-BR19-AF06C-OQOO _ Figure  A-12  September  18,  1969 

An  epoxy  adhesive,  BMS  5-29,  was  used  to  bond  a  6-mil  aluminum  foil  to 
this  boron  panel  with  no  undercoating.  An  18  KV  discharge  was  initiated 
to  inis  coated  panel;  the  discharge  current  had  an  amplitude  of  95  KA 
with  a  risetlme  of  15  pS  and  a  duration  of  28  us. 

No  damage  to  the  substrate  was  observed. 

OA7-GP11-AF06P-0000 _ Figure  A-12  September  18,  1969 

An  epoxy  adhesive,  BMS  5-29,  was  used  to  bond  6-mil  aluminum  strips  to 
this  graphite  panel  with  no  undercoating.  The  top  and  center  strips 
were  a  half  inch  wide;  the  strips  on  both  sides  and  at  the  bottom  were 
1-inch  wide.  An  18  KV  discharge  was  directed  to  the  center  strip;  the 
discharge  current  had  an  amplitude  of  95  KA  with  a  risetlme  of 
15  „s  and  a  duration  of  28  us. 

A  burned  front  su.face  of  the  substrate  was  produced  and  a  small  crack 
was  observed  on  the  back  side  of  the  substrate. 
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048-GP12-AF06P-0000 _ Figure  A-12  September  18,  1969 

An  epoxy  adhesive,  BMS  5-29,  was  used  to  bond  6-mll  aluminum  strips  to 
this  graphite  panel  with  no  undercoating .  The  center  tapes  were  one-half 
Inch  wide  and  the  side  tapes  were  1-lnch  wide.  An  18  KV  discharge  was 
directed  to  this  coated  panel  at  the  vertical  center  tape;  the  discharge 
was  an  underdamped  oscillatory  type  due  to  the  failure  of  the  crowbar 
switching  circuit.  The  discharge  current  had  a  peak  amplitude  of  95  KA 
with  3  ring  frequency  of  36  kHz. 

A  burned  front  surface  of  the  substrate  was  observed,  and  a  small  crack 
on  the  back  side  of  the  substrate  was  found. 

v;49-BR20-AF06P-0000 _ Figure  A-12  September  18,  1969 

\n  epoxy  adhesive,  BKS  5-29,  was  used  to  bond  6-mil  aluminum  strips  to 
this  boron  panel  with  no  undercoating.  The  center  capes  were  one-half 
nch  wide  and  the  side  tapes  were  one  inch  wide.  An  18  KV  discharge  was 
directed  to  this  coated  panel  at  the  vertical  center  tape;  the  discharge 
current  had  an  amplitude  of  95  KA  with  a  risetime  of  16  us  and  a  duration 
of  28  us. 

No  visible  damage  to  the  substrate  was  observed. 

050-BR21-AF06P-0000 _ Figure  A- 13  September  18,  1969 

An  epoxy  adhesive,  BMS  5-29,  was  used  to  bond  6-mll  aluminum  strips  to 
tills  boron  panel;  ttie  center  tape  was  one  half  inch  wide  and  tfie  side 
tapes  were  one  inch  wide.  An  18  KV  discharge  was  initiated  to  this 
coated  panel;  the  discharge  current  had  an  amplitude  of  95  KA  with  a 
rlsetlme  of  16  us  and  a  duration  of  28  ^s . 

No  visible  damage  to  the  substrate  was  observed. 

051-GP13-CE10C-0000 _ Figure  A-13  September  22,  1969 

A  Copper  filled  epoxy  paint  was  applied  to  this  laminate.  The  coating 
thickness  was  very  irregular,  but  averaged  10  mils.  A  17  KV  discharge  was 
directed  to  this  coated  panel;  the  discharge  current  had  an  amplitude  of 
100  KA  with  a  risetime  of  15  js  and  a  duration  of  27  us . 

A  severely  burned  front  surface  of  the  substrate  was  observed  and  part 
of  the  paint  was  peeled. 

052-rG18-.SE05C-0000 _ Figure  A-13  September  22,  1969 

A  silver  filled  epoxy  paint  (5  mils)  was  sprayed  on  this  fiberglas 
panel  with  no  undercoating.  A  17  KV  discharge  was  directed  to  this 
coated  panel;  the  discharge  current  hed  a  magnitude  of  90  KA  with  a 
rlsetlme  of  15  us  and  a  duration  of  30  us. 

No  visible  damage  to  the  fiberglas  panel  was  observed. 


053-GP14-SE03C-0000 _ Figure  A-13  September  22  ,  1969 

A  silver  filled  epoxy  paint  (3  nils)  was  sprayed  on  this  graphite 
panel  with  no  undercoating.  A  17  KV  discharge  was  directed  to  this 
coated  panel;  the  discharge  current  had  a  magnitude  of  92  KA  with  a 
risetime  of  13  us  and  a  duration  of  26  us. 

A  burned  front  surface  of  the  substrate  was  observed  and  part  of  the 
coating  was  badly  burned. 

054-BR22-CU05C-0000 _ Figure  A-14  September  22,  1969 

A  copper  filled  polyuretheme  paint  (5  mils)  was  sprayed  on  this  borer, 
panel  with  no  undercoating.  A  17  KV  discharge  was  directed  to  this 
coated  panel;  the  discharge  current  had  a  magnitude  of  36  KA  with  a 
risetime  of  16  us  and  a  duration  of  60  us. 

llie  substrate  was  severely  damaged. 

055-GP 15-00000-0000 _ Figure  A-14  September  22,  1969 

This  was  an  uncoated  graphite  panel.  An  18  KV  discltarge  was  directed 
to  this  panel;  the  discharge  current  had  a  magnitude  of  92  KA  with  a 
risetime  of  14  us  and  a  duration  of  28  us. 

The  substrate  was  severely  damaged. 

050-GP16-00000-KF01 _ Figure  A-14  September  23  ,  1969 

This  graphite  panel  had  no  coating;  however,  a  1-mil  Kapton  film  was 
integrally  bonded  in  the  panel  between  the  first  and  second  plies.  An 
18  KV  discharge  was  initiated  to  this  panel;  the  discharge  current  !iad 
a  magnitude  of  89  KA  with  a  risetime  of  13  js  and  a  duration  of  29  .js . 

The  substrate  was  damaged;  however,  compared  to  the  uncoated  graphite 
panel  (055-Grl5-00000-0000) ,  this  panel  sustained  lessor  damage  on  tlie 
bac);  side  of  the  substrate. 

057-FG19-AU05C-0000 _ Figure  A-14  September  23,  1969 

An  aluminum  filled  polyuretl'.ane  paint  was  sprayed  on  this  fiberglns 
panel  with  no  undercoating.  A  17  KV  discharge  v/as  directed  to  tliis 
coated  panel;  the  discliarge  current  liad  a  magnitude  of  90  with  a 
duration  of  30  us . 

No  damage  to  the  substrate  was  observed. 

058-BR2  3-CE10C-0000 _ Figure  A-15  September  23,  1969 

A  copper  filled  epoxy  paint  was  applied  to  this  lamin.ate.  Tlie  coatinn 
thic)cness  was  very  irregular,  but  averaged  10  mils.  An  18  KV  discharge 
was  directed  to  this  coated  panel;  the  discharge  current  liad  a  magnitude 
of  G7  KA  with  a  risetime  of  15  us  and  a  duration  of  30  Ls . 


A  small  crack  was  observed  on  the  back  side  of  the  substrate,  also  the 
coating  was  badly  burned  and  peeled. 


200 


201 


059-BR24-SE05T-0000 _ Figure  A-15  September  24.  1969 

Aluninura  tape  vas  bonded  to  the  edges  of  this  panel.  A  silver  filled  epoxy 
paint  '\ra8  then  sprayed  over  the  panel.  An  l8  KV  discharge  was  directed  to 
this  coated  panel;  the  discharge  current  had  a  magnitude  of  IOC  KA  ^'ith  a 
duration  of  30  us . 

No  damage  to  the  substrate  was  observed.  The  aluminum  tape  was  complete¬ 
ly  vaporised  and  part  of  the  coating  was  burned. 

O60-BR25-SEO5C-Q0QO _ Figure  A-15  September  24,  1969 

A  silver  filled  epoxy  paint  (5  mils)  was  sprayed  on  this  boron  panel  with 
no  undercoating.  An  l8  KV  discharge  was  directed  to  this  coated  panel; 
tlie  discharge  current  had  a  magnitude  of  90  KA  with  a  duration  of  30  us. 

A  small  crack  on  the  back  side  of  the  substrate  was  observed  and  the 
silver-epoxy  paint  was  badly  burned. 

061-GP17-CU05C-0000 _ Figure  A-15  September  24,  1969 

A  copper  filled  poljnirethane  paint  (5  mils)  was  spraj'ed  on  this  graphite 
panel  with  no  undercoating.  A  23  ICV  discharge  was  directed  to  this  coated 
panel,  the  discharge  current  had  a  magnitude  of  110  KA  with  a  risetime  of 
ill  us  and  a  duration  of  28  us . 

The  substrate  was  severely  damaged. 

062-BR26-AIJ05C-0000 _ Figure  A-16  September  24  ,  1969 

A  3-mil  aluminum  filled  polyurethane  paint  was  sprayed  on  this  boron  panel 
with  no  undercoating.  An  18  KV  discharge  was  directed  to  this  coated 
panel;  the  discharge  current  had  a  magnitude  of  36  KA  with  a  risetime 
of  20  us  and  a  duration  of  60  us. 

The  substrate  was  severely  damaged. 

063-GP18-AU05C-0000 _ Figure  A-16  September  24,  1969 

A  5-mil  aluminum  filled  polyurethane  paint  was  sprayed  on  this  graphite 
panel  with  no  undercoating.  A  21  KV  discharge  was  directed  to  this 
coated  panel;  the  discharge  current  had  a  magnitude  of  103  KA  with  a 
risetime  of  15  ;_s  and  a  duration  of  28  us. 

The  substrate  was  severely  damaged. 
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064-FG2Q-AF01C-EP02 _ Figure  A-16  October  17,  1969 

This  fiberglas  panel  was  coated  with  1-mll  aluminum  foil  and  an  under- 
coating  of  2-mil  epoxy  paint.  An  18  KV  discharge  was  Initiated  to  this 
coated  panel;  it  turned  out  to  have  a  spike  with  an  amplit  de  of  105  KA, 
a  risetlme  of  14  us,  and  a  pulse  duration  of  27  us. 

.No  visible  damage  to  the  control  panel  was  observed.  However,  the  epoxy 
paint  was  burned;  the  left  side  of  the  aluminum  foil  along  the  1?" 
direction  was  peeled,  curled,  and  burned.  There  were  also  other  burned 
aluminum  marks  shown. 

065-FG21-SE03C-CC07 _ Figure  A-17  October  17,  1969 

This  fiberglas  panel  was  coated  with  a  3-mil  silver-epoxy  paint  with 
an  undercoatlng  of  a  7.5-mll  carbon  cloth.  However,  the  overall  thick¬ 
ness  of  the  composite  coating  was  only  about  8.5-mil  due  to  absorption 
of  the  paint  by  the  carbon  cloth.  An  18  KV  discharge  was  initiated 
to  this  coated  fiberglas  panel;  the  discharge  current  had  a  peak  of 
70  KA  with  a  risetime  of  18  us  and  a  duration  of  31  us. 

No  damage  to  the  control  panel  was  observed;  howevei ,  most  of  tne  silver 

paint  was  discolored. 

066-FG22-CR09U-QQ00 _ Figure  A-17  October  17,  1969 

This  fiberglas  panel  was  coated  with  a  9-mil  thick  copper  screen  which 

was  oriented  so  that  its  fibers  lay  in  a  direction  45°  (or  135°)  with 

respect  to  the  12-lnch  panel  dimension.  No  undercoating  was  applied. 

An  18  KV  discharge  was  initiated  to  this  coated  fiberglas  panel;  the 
current  peak  was  of  98  KA  with  a  risetime  of  14  us  and  a  duration  of 
27  us. 

No  damage  to  the  control  panel  was  observed  and  the  copper  screen  along 
the  left  side  was  peeled  off. 

O67-FG23-CR091J-0OOQ _ Figure  A-17  October  17,  1969 

This  fiberglas  panel  was  coated  with  a  9-mil  thick  copper  fabric  which 

was  oriented  90°  (or  0°)  with  respect  to  the  direction  of  discharge 

current  flow.  No  undercoating  was  applied.  An  18  KV  discharge  was 

initiated  to  this  coated  fiberglas  panel;  t'ne  current  was  of  98  KA  with 

a  risetime  of  14  us  and  a  duration  of  27  us. 

No  damage  to  the  fiberglas  panel  was  observed  and  copper  fabric  alone 
both  edges  was  peeled  off. 

068-GP19-AP05C-0000 _ Figure  A-17  October  17,  1969 

This  graphite  panel  was  coated  with  a  5-rail  plasma-sprayed  aluminum 
coating  with  no  undercoating.  An  18  KV  discharge  was  initiated  to  this 
coated  fiberglas  panel;  the  discharge  current  was  of  94  KA  with  a  rise- 
time  of  15  us  and  a  duration  of  26  us. 

The  front  two  layers  of  substrate  were  burned;  the  aluminum  paint  was 
badly  cracked  and  part  of  the  paint  was  discolored. 
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069-FG24-AF04P-AUQ6 _ Figure  A-18  October  17,  1969 

This  fiberglas  panel  was  first  coated  with  aluminum  filled  polyurethane 
paint,  then  two  aluminum  strips  were  taped  to  the  panel  along  both  of 
the  12-inch  edges.  The  crowbar  switch  was  disconnected  from  the  simu¬ 
lator.  A  20  KV  discharge  was  initiated  to  this  coated  fiberglas  panel; 
the  peak,  of  the  discharge  current  was  of  91  KA  with  a  risetime  of 

13  as  and  a  duration  of  27  us. 

N'o  damage  to  the  panel  was  observed  although  the  aluminum  strips  were 
vaporized. 

070-FG25-Ab'06C-CC0  7 _ Figure  A-18  October  20,  1969 

This  fiberglas  panel  is  coated  with  aluminum  filled  polyurethane  paint 
with  an  undercoating  of  a  7-mil  thick  carbon  cloth.  The  overall  thick¬ 
ness  of  the  composite  coating  was  about  10  nil  due  to  absorption  of 
paint  by  the  carbon  cloth.  Tlie  crowbar  switch  was  disconnected  from 
the  simulator.  A  20  KV  discharge  was  Initiated  to  this  coated  fiber¬ 
glas  panel;  the  discharge  current  was  95  KA  with  a  risetime  of 

14  us  and  a  diratlon  of  27  us. 

N'o  damage  to  the  control  panel  was  observed. 

071-FG26-AF04P-CC,0  7 _ Figure  A-18  October  20,  1969 

This  fiberglas  panel  was  coated  with  a  7.5-nil  carbon  cloth,  then 
4-mil  thick  aluminum  foil  tape  was  applied  along  the  edges  of  the  12- 
inch  side.  The  crowbar  switch  was  disconnected  from  Che  simulator.  A 
20  KV  discharge  was  initiated  to  this  coated  panel ;  the  discharge  current 
l\ad  a  peak  of  105  KA  with  a  risetime  of  14  us  and  a  duration  of  27  us. 

No  damage  to  the  control  panel  was  observed  althougli  the  aluminum  tapes 
were  vaporized. 

072-BR27-AP06C-0C00 _ Figure  A-18  October  20 ,  1969 

This  boron  panel  was  coated  with  a  6-mil  plasma-sprayed  aluminum  paint 
with  no  undercoating.  An  18  KV  discharge  was  initiated  to  this  coated 
panel;  the  discharge  current  had  a  peak  of  105  KA,  a  risetime  of 
13  Us  and  a  duration  of  25  us. 

The  appearance  of  this  tested  panel  is  similar  to  the  panels  coated  with 
an  aluminum  foil.  The  back  side  of  the  substrate  showed  a  barely  visible 
crack  immediately  under  the  discharge  probe.  The  setup  of  this  test  was 
exactly  the  same  as  the  one  for  the  tested  panel  068,  which  also  passed 
the  tests  without  damage  to  the  substrate. 

073-BR28-AP02C-0000 _ Figure  A- 19  October  20,  1969 

This  boron  panel  was  coated  with  a  2-mll  plasma-sprayed  aluminum  paint 
with  no  undercoating.  An  18  KV  discharge  was  initiated  to  this  coated 
panel;  the  disc'narge  current  had  a  peak  of  100  KA  with  a  risetime  of 
13  us  and  a  duration  of  25  'js  . 
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A  very  small  crack  was  observed  on  the  back  side  of  the  substrate;  the 
front  surface  paint  was  badly  burned. 

07A-GP20-APO2C-0QOO _ Figure  A-19  October  20,  1969 

This  graphite  panel  was  coated  with  a  2-riil  plasma-sprayed  aluminum 
paint  with  no  undercoating.  An  18  KV  discharge  was  initiated  to  this 
coated  panel;  the  discharge  current  had  a  peak  of  100  KA  with  a  risetime 
of  13  iJS  and  a  duration  of  25  us. 

No  damage  to  the  substrate  was  observed,  however,  the  front  surface 
paint  was  badly  burned. 

075-BR29-AF01C-ALCO _ Figure  A-19  October  21,  1969 

Tills  boron  panel  was  coated  with  l-mil  aluminum  foil  and  was  then  bonded 
CO  an  aluminum  honeycomb  core.  When  this  panel  was  mounted  to  the  test 
holder,  both  the  aluminum  foil  and  honeycomb  core  were  grounded.  A  lb  KV 
discharge  was  initiated  to  this  test  panel;  the  discharge  current  had  a 
peak  of  90  KA  with  a  risecime  of  14  us  and  a  duration  of  26  us. 

Q76-GF21-AF01C-ALCO _ Figure  A-19  October  21,  1969 

This  graphite  panel  was  coated  with  a  1-mil  aluminum  foil  and  was  then 
bonded  to  an  aluminum  honeycomb  core.  Both  the  aluminum  foil  and  honey¬ 
comb  core  Were  grounded  when  the  test  panel  was  mounted  on  the  test 
holder.  A  16  KV  discharge  was  inltlaced  to  this  test  panel.  The  current 
waveform  was  not  recorded,  however,  since  the  test  setup  was  exactly  the 
same  as  the  last  one,  presumably,  the  current  was  also  tie  same,  i.e., 
the  peak  was  90  KA  witli  a  risecime  of  14  us  and  a  duratx.  n  of  26  us. 

07  7-BRjO-CR09U-0000 _ Figure  A-20  October  21,  1969 

This  boron  panel  was  coated  with  a  9-mll  copper  fabric  wliich  was  oriented 
45°  (or  135°)  with  respect  to  the  direction  of  the  current  flow.  No 
undercoating  was  applied.  A  16  KV  discharge  was  initiated  to  this  coated 
panel;  the  discharge  current  had  a  peak  of  90  KA  with  a  risetime  of 
13  us  and  a  duration  of  25  us. 

No  damage  to  the  substrate  was  observed. 

078-r.P22-CR09U-000 _ Figure  A-20  October  21,  1969 

This  graphite  panel  was  coated  with  a  9-mil  copper  fabric  which  was 
oriented  45°  in  relation  to  the  dl-ectlor.  of  the  discharge  current  flow. 

A  16  KV  discharge  was  Initiated  t<  this  coated  panel;  the  discharge 
current  had  a  peak  of  90  KA  with  a  risetime  of  13  Us  and  a  duration  of 
27  t.s. 

No  damage  to  the  substrate  was  observed. 
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Q79-BR31-AUQ6C-KFQ1 _ Figure  A-20  October  21,  1969 

This  boron  panel  was  coated  with  6-mll  aluminum  filled  polyurethane 
paint  and  was  undercoated  with  a  one  mil  Kapton  film  Interlayer  between 
the  4th  and  5th  layers.  A  20  KV  discharge  was  initiated  to  the  coated 
panel;  the  discharge  current  had  a  peak  of  50  KV  with  a  risetime  of 
18  us  and  a  duration  of  40  us. 

The  substrate  was  severely  damaged. 

080-GP23-AU06C-KF01 _ Figure  A-20  October  21.  1969 

This  graphite  panel  was  coated  with  aluminum  filled  polyurethane  paint 
with  an  interlayer  undercoating  of  a  one  mil  Kapton  film  which  was 
between  the  Ath  and  5th  layers.  A  20  KV  discharge  was  initiated  to 
this  coated  panel;  the  discharge  current  had  a  peak  of  85  KA  with  a 
risetime  of  lA  us  and  a  duration  of  28  us. 

The  substrate  was  severely  damaged. 

081-BR32-CRO9U-OOOQ _ Figure  A-21  October  21.  1969 

This  boron  panel  was  coated  with  an  overall  9-mil  thick  copper  fabric 
whose  fibers  were  oriented  in  line,  and  perpendicular  to  the  discharge 
current  flew.  A  17  KV  discharge  was  initiated  to  this  test  panel;  the 
discharge  current  had  an  amplitude  of  90  KA  with  a  risetime  of  lA  us 
and  a  duration  of  26  us. 

No  damage  to  the  substrate  was  observed. 

082-GP2A-CRO9U-OOQ0 _ Figure  A-21  October  21,  1969 

This  graphite  panel  was  coated  with  a  9-mil  thick  copper  fabric  whose 
fibers  were  oriented  in  line,  and  perpendicular  to  the  discharge  current 
flow.  A  17  KV  discharge  was  initiated  to  this  test  panel;  the  discharge 
current  had  a  peak  of  90  KA  with  a  risetime  of  lA  us  and  a  duration  of 
26  us  . 

No  damage  to  the  substrate  was  observed. 

083-GP25-AU06C-CC07 _ Figure  A-21  October  22,  1969 

This  graphite  panel  was  first  coated  with  a  7-mil  carbon  cloth  and  was 
then  coated  with  6  mil  polyurethane  paint  pigmented  witli  aluninum  par¬ 
ticles;  however,  the  overall  thickness  of  the  composite  coating  was 
thinner  than  10  mil  due  to  absorption  of  the  paint  by  the  carbon  cloth. 

A  20  KV  discharge  was  initiated  to  this  test  panel;  the  crowbar  switch 
was  disconnected  from  the  simulator.  The  discharge  current  had  a  peak 
of  70  KA  with  a  risetime  of  lA  us  and  a  duration  of  28  us. 

The  test  panel  was  severely  damaged. 


212 


ir 


084-BR33-AUQ6C-CCQ7 _ Figure  A-21  October  22,  1969 

This  boron  panel  was  first  coated  with  a  7-mil  carbon  cloth  and  was  then 
coated  with  6-mll  polyurethane  paint  pigmented  with  aluminum  particles; 
however,  the  overall  thickness  of  the  composite  coating  was  thinner  than 
10  mil  due  to  absorption  of  the  paint  by  the  carbon  cloth.  A  20  KV  dis¬ 
charge  was  Initiated  to  this  test  panel  with  the  crowbar  switch  discon¬ 
nected  from  the  simulator.  The  discharge  current  had  a  peak  of  60  KA 
with  a  risetime  of  14  ys  and  a  duration  of  28  ys . 

This  test  panel  was  severely  damaged. 

085-BR34-AF04P-AU06 _ Figure  A-22  October  22,  1969 

This  boron  panel  was  first  coated  with  an  aluminum  filled  polyurethane 
paint  and  then  coated  with  two  4-mil  aluminum  strips  that  were  taped  to 
the  panel  edge  along  the  12-inch  side.  The  crowbar  switch  was  discon¬ 
nected  from  the  simulator  discharge  path.  A  20  KV  discharge  was  Initiated 
to  this  test  panel;  the  discharge  current  had  a  peak  of  90  KV  with  a 
ringing  frequency  of  36  KHz. 

This  panel  was  severely  damaged. 

086-GP26-AF04P-AU06 _ Figure  A-22  October  22  .  1969 

This  graphite  panel  was  first  coated  with  an  aluminum  filled  polyurethane 
paint  and  two  4-mil  aluminum  strips  were  then  taped  to  the  panel  along 
both  12-inch  edges.  An  18  KV  discharge  was  initiated  to  this  test  panel; 
the  discharge  current  had  a  peak  of  90  KA  with  a  risetime  of  13  us  and  a 
duration  of  25  ys . 

The  panel  was  severely  damaged. 

087-BR35-AF04P-CC07  Figure  A-22  October  22,  1969 

This  boron  panel  was  first  coated  with  a  7-mil  carbon  cloth  and  two  4-mil 
aluminum  strips  were  then  taped  to  the  coated  panel  along  both  edges  of 
12-inch  side  of  the  panel.  An  18  KV  discharge  was  initiated  to  this 
coated  panel;  the  discharge  current  had  a  peak  of  88  KA  with  a  risetime 
of  14  us  and  a  duration  of  27  ys . 

The  panel  was  severely  damaged. 

The  discharged  stroke  was  crowbarred,  or  switched,  earlier  in  time  than 
desired.  It  was  discovered  later  that  this  early  crowbarring  was  caused 
by  an  enlarged  gap  between  the  probe  and  the  test  panel. 

088-GP27-AF04P-CC07 _ Figure  A-2  7  October  22  ,  1969 

This  graphite  panel  was  first  c.,ated  with  a  7-mil  carbon  cloth  and  then 
two  4-mil  aluminum  strips  were  taped  to  this  coated  graphite  panel  along 
both  edges  of  the  12-inch  side.  An  18  KV  discharge  was  initiated  to  the 
panel;  the  discharge  current  had  a  peak  of  90  KA  with  a  risetime  of 
14  us  and  a  duration  of  28  us . 

The  panel  was  severely  damaged. 
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The  discharge  was  crowbarred  at  an  early  time,  and  it  was  found  that  this 
early  crowbar  was  caused  by  an  enlarged  gap  between  the  probe  and  the  test 
panel.  The  gap  was  adjusted  to  a  smaller  distance  (=  3/16")  for  the 
following  tests. 

089-BR36-SE03C-CC05 _ Figure  A-23  October  23,  1969 

This  boron  panel  was  first  coated  with  a  5-mil  carbon  cloth  and  then  was 
coated  with  a  3-mll  silver  filled  epoxy  paint,  however,  the  overall 
thickness  of  this  composite  coating  was  only  about  6.5-mil  due  to  absorp¬ 
tion  of  paint  by  the  carbon  cloth.  An  18  KV  discharge  was  initiated  to 
this  coated  panel;  the  discharge  current  had  a  peak  of  81  KA  with  a 
risetime  of  14  us  and  a  duration  of  27  us. 

A  hole  was  punctured  through  the  substrate,  carbon  cloth  was  peeled  off, 
and  all  of  the  surface  paint  was  discolored. 

090-GP28-SE03C-CC07 _ Figure  A-23  October  23,  1969 

This  graphite  panel  was  first  coated  with  a  7-mil  carbon  cloth  and  then 
was  coated  with  a  3-mil  silver  filled  epoxy  paint,  however,  the  overall 
thickness  of  this  composite  coating  was  only  about  8.5-mll  due  to 
absorption  of  paint  by  the  carbon  cloth.  An  18  KV  discharge  was  initiated 
to  this  coated  panel;  the  discharge  current  had  a  peak  of  81  KA  with  a 
risetime  of  14  us  and  a  duration  of  27  us. 

The  panel  was  severely  damaged. 

09 1-BR37-SE03C-OOQO _ Figure  A-23  October  23,  1969 

This  boron  panel  was  coated  with  a  3-mll  silver  filled  epoxy  paint  with 
no  undercoating.  An  18  KV  discharge  was  initiated  to  this  coated  panel; 
the  discharge  current  had  a  peak  of  85  KA  with  a  risetime  of  15  _s  and 
a  duration  of  29  us. 

A  few  small  holes  were  punctured  through  the  substrate  and  the  surface 
paint  was  discolored. 

092-BR38-SE03C-CC07 _ Figure  A-23  October  23,  1969 

This  boron  panel  was  first  coated  with  a  7-mll  carbon  cloth  and  then  was 
coated  with  a  3-mil  silver  filled  epoxy  paint;  the  overall  thickness  of 
this  composite  coating  was  only  about  8.5-mll  due  to  absorption  of 
paint  by  the  carbon  cloth.  An  18  KV  discharge  was  initiated  to  this  test 
panel;  the  discharge  current  had  a  peak  of  85  KA  and  a  rieetlme  of 
15  us  and  a  duration  of  28  us. 

Tne  substrate  was  damaged  and  the  surface  paint  was  discolored. 
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09  3-GP29-AKQ5C-0000 _ Figure  A-24  October  23,  1969 

This  graphite  panel  was  coated  with  a  .S-mll  aluminum  filled  silicone  paint 
with  no  undercoating.  The  crowbar  switch  was  disconnected  from  the  simula¬ 
tor.  A  20  KV  discharge  was  initiated  to  the  coated  panel;  the  discharge 
current  had  a  peak  of  90  KA  with  a  rlsetlrae  of  13  .,s  and  a  duration  of 
29  us. 

The  substrate  was  severely  damaged. 

O9A-BR39-AK05C-OQOO _ Figure  A-2A  October  23,  1969 

This  boron  panel  was  coated  with  a  5-mll  aluminum  filled  silicone  paint 
with  no  undercoating.  The  crowbar  switch  was  disconnected  from  the 
simulator.  A  23  KV  discharge  was  initiated  to  this  coated  panel;  the 
discharge  current  had  a  peak  of  51  KA  and  was  critically  damped.  The 
stroke  had  a  rlsetlme  of  22  js  and  a  duration  of  70  ..s. 

The  substrate  was  severely  damaged. 

O95-FG27-AF0  3C-CC05 _ Figure  A-24  November  19  ,  1969 

This  flberglas  panel  was  first  coated  witn  a  5-mil  carbon  cloth  and  was 
Chen  coated  with  a  3-mil  aluminum  foil;  both  of  these  coatings  were 
adhesively  bonded  to  the  panel  and  to  each  other  by  BMS  5-29  adhesive. 

A  16  KV  discharge  was  directed  to  this  coated  panel.  The  discliarge  current 
was  approximately  100  KA  with  a  duration  of  26  us  and  a  risetime  of  14  us. 

No  visible  damage  to  the  flberglas  panel  was  observed;  however,  the  carbon 
cloth  undercoating  was  slightly  burned. 

096-BR40-CW02P-0000 _ Figure  A-24  November  19,  1969 

This  boron  panel  was  partially  coated  with  thin  copper  wires*,  no  under¬ 
coating  was  applied.  The  thin  copper  wires  of  two  mil  diameter  were 
adhesively  bonded  to  the  panel  and  each  wire  was  either  vertically  or 
horizontally  parallel  to  the  edge  of  the  panel.  Tiie  wires  parallel  to  the 
edge  of  the  12-lnch  dimension  of  the  panel  were  1/2  inch  apart  and  the 
wires  parallel  to  the  6-inch  dimension  were  2  inches  apart. 

The  crowbar  switch  was  disconnected  from  the  simulator  discharge  path. 

A  23  KV  discharge  was  initiated  to  this  coated  panel  ;  the  discharge 
current  had  a  peak  of  114  KA  with  a  ring  frequency  of  24  kHz.  The  sub¬ 
strate  was  badly  broken,  and  the  thin  copper  vires  were  vaporized. 

09  7-FG28-CKQ7C-0000 _ Figure  .4-24  November  19,  1969 

A  7-mll  silicone  paint  filled  with  copper  powder  was  applied  to  the 
panel  by  spraying;  no  undercoating  was  applied. 

The  crowbar  switch  was  disconnected  from  the  simulator.  A  20  KV  discharge 
was  directed  to  this  coated  panel;  the  discharge  current  had  a  peak  of 
114  KA  with  a  ring  frequency  of  24  kHz. 
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No  damage  to  the  control  panel  was  observed;  however,  the  coating  was 
discolored  and  partially  burned.  Surface  flashover  was  also  produced. 

09 8-BR41-CK0 7C-0000 _ Figure  A-24  November  19,  1969 

A  7-mil  silicone  paint  filled  with  copper  powder  was  applied  to  the 
panel  by  spraying;  no  undercoating  was  applied.  The  crowbar  switch  was 
disconnected  from  the  simulator.  A  20  KV  discharge  was  Initiated  to  this 
coated  panel;  the  discharge  current  had  a  peak  of  100  KA  with  a  ring 
frequency  of  24  kHz. 

The  substrate  was  broken  along  the  direction  of  the  6-lnch  dimension, 
and  the  coating  was  burned  and  discolored. 

Q99-BR42-CFQ2C-QOOO _ Figure  A-25  November  20,  1969 

A  2-mil  thick  copper  foil  was  adhesively  bonded  to  this  boron  panel  with 
no  undercoating.  A  16  KV  discharge  was  directed  to  this  panel.  The 
crowbar  switch  failed  to  turn  on  due  to  a  mistriggered  pulse  generator. 

The  discharge  current  had  a  peak  of  95  KA  with  a  frequency  of 

24.5  kHz. 

No  damage  to  the  substrate  was  observed;  the  edges  of  the  fell  along 
the  12-lnch  side  were  curled. 

100- GP j0-CW02P-0000 _ Figure  A-2S  November  20,  1969 

This  graphite  panel  was  partially  coated  with  thin  copper  wires  ;  no 
undercoating  was  applied.  The  chin  copper  wires  of  2-mil  diameter  were 
adhesively  bonded  to  the  panel  and  each  wire  was  either  vertically  or 
horizontally  parallel  to  the  edge  of  the  panel.  The  wires  parallel  to 
the  edge  of  the  12-lnch  dimension  of  the  panel  were  1/2  inch"  apart  and 
the  wires  parallel  Co  the  6-inch  dimension  were  2  inches  apart.  A 

16  KV  discharge  was  directed  to  this  coated  panel,  the  discharge  current 
had  a  peak  of  72  KA  with  a  duration  30  us  and  a  risetime  of  15  us. 

The  substrate  was  broken. 

101- GP31-CF02C-0000 _ Figure  .4-25  November  20,  1969 

A  2-mil  copper  foil  was  adhesively  bonded  to  this  graphite  panel  with  no 
undercoating.  A  16  KV  discharge  was  directed  to  this  coated  panel;  the 
discharge  current  had  a  peak  of  91  KA  with  a  duration  of  27  us  and  a 
rlsetlme  of  14  us . 

The  substrate  surface  was  burned,  and  the  backside  was  slightly  cracked. 

102- GP32-AF03P-SE02 _ Figure  A-25  November  20,  1969 

Thi.s  graphite  panel  was  first  coated  with  a  2-mil  silver  filled  epox>’ 
paint  and  then  two  3-mll  thick,  1-inch  wide,  aluminum  strips  were  bonded 
along  the  edges  of  the  12-lnch  side  of  the  panel.  A  16  KV  discharge 

was  directed  to  this  coated  panel;  the  discharge  current  had  a  peak  of 
91  KA  with  a  duration  of  27  us  and  a  risetime  of  14  us. 

The  substrate  surface  was  burned,  and  the  back  side  was  slightly  cracked. 
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103- BR43-AF03P-SE03 _ Figure  A-25  November  20.  1969 

llils  boron  panel  wafl  first  coated  with  a  2-mil  silver  filled  epoxy  and 
then  two  3-mil  aluminum  strips  were  bonded  on  both  sides  of  the  12-lnch 
dimension  of  the  panel.  An  18  KV  discharge  was  directed  to  this  coated 
panel;  the  discharge  current  had  a  peak,  of  100  KA  with  a  duration  of 

27  MS  and  a  rise  time  of  14  MS . 

A  discolored  coating  and  vaporized  aluminum  strips  result.  TVie  back  side 
of  the  substrate  was  slightly  cracked,  probably  due  to  a  collision  with 
the  discharge  probe. 

104- FG29-CM08C-0000 _ Figure  A-25  November  20,  1969 

This  flberglas  panel  was  coated  with  an  8-mil  micron  copper  filled  epoxy 

paint  over  a  1-mil  prime  coat.  A  20  KV  discharge  was  directed  to  this 
coated  panel.  The  discharge  current  was  not  recorded  by  the  oscilloscope 
due  to  an  early  trigger;  however,  from  the  test  results  of  Panel  109,  the 
discharge  current  of  this  panel  had  a  peak  of  approximately  100  KA  with 

a  duration  of  31  ms. 

No  damage  to  the  control  panel  was  observed;  the  coating  was  discolored 
due  r.o  surface  flashover. 

103-FG30-CR04Z-0000 _ Figure  A-26  November  21,  1969 

This  flberglas  panel  was  coated  with  200  mesh  phosphor-bronze  wire  fabric 

with  no  undercoating.  Tlie  fabric  was  a  plain  weave  utilizing  2.1-mii 

diameter  wire  and  was  bonded  to  the  flberglas  panel  with  BMS  5-29A  type 
2  adhesive.  Tlie  overall  thickness  of  the  coating  was  4  mils.  A  17  KV 
discharge  was  directed  to  this  coated  panel,  the  dlscliarge  current  had 
a  peak  of  95  KA  with  a  duration  of  27  ms  and  a  risetime  of  14  .js  . 

No  damage  to  the  control  panel  was  observed;  however,  the  fabric  was 
badly  burned  along  the  current  path. 

10b-GP33-CR04Z-0000 _ Figure  A-26  November  21,  1969 

This  graphite  panel  was  coated  with  200  mesh  phosphor-bronze  wire  fabric 
with  no  undercoating.  The  fabric  was  a  plain  weave  utilizing  2,l-r:il 
diameter  wire  and  was  bonded  to  the  graphite  panel  with  BMS-29A  type  2 
adhesive.  The  overall  thickness  of  the  coating  was  4  mil.s.  An  18  KV 
discharge  was  directed  to  this  coated  nanel;  the  discharge  current  had  a 
peak  of  100  KA  with  a  risetime  of  27  _s  and  a  duration  of  14  ts . 

No  damage  to  the  substrate  was  observed  even  though  the  fabric  coating 
was  badly  burned. 
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107- BR4A-CR04Z-0000 _ Figure  A-26  November  21,  1969 

This  boron  panel  was  coated  with  200  mesh  phosphor-bronze  wire  fabric 
with  no  undercoating.  Tlie  fabric  vas  a  plain  weave  utilizing  2.1-F.il 
diameter  wire  and  was  bonded  to  the  boron  panel  with  BMS-29A,  type  2, 
adhesive.  The  overall  thickness  of  the  coating  was  4  mils.  An  18  KV 
discharge  was  directed  to  this  coated  panel;  the  discharge  current 
had  a  peak  of  98  KA  with  a  risetime  of  14  cs  and  a  duration  of  27  us. 

No  damage  to  the  substrate  was  observed  even  though  the  fabric  coating 
was  badly  burned. 

108- GP34-CK07C-O00Q _ Figure  A-26  November  21,  1969 

This  graphite  panel  was  coated  with  a  7-mil  300  mesh  purified  copper 
powder  filled  silicone  paint  over  a  1-ml 1  prime  coat.  The  copper  filled 
silicone  paint  was  applied  by  spraying.  An  18  KV  discharge  was  directed 
to  this  coated  panel;  the  discharge  current  had  a  peak  of  89  KA  with  a 
duration  of  28  Us  and  a  risetlme  of  14  us. 

The  substrate  was  severely  damaged,  and  it  was  also  noted  that  most  of 
the  current  actually  discharged  through  the  graphite  fibers  instead  of 
the  coating. 

109- GP35-CM08C-Q00O _ Figure  A-26  Nove-her  24,  1969 

This  graphite  panel  was  coated  with  an  8-mil  micron  copper  powder  filled 
epoxy  paint  over  a  1-mil  prime  coat.  An  18  KV  discharge  was  directed 

to  this  coated  panel;  the  discharge  current  had  a  peak  of  83  KA  with  a 
duration  of  30  Us  and  a  risetlme  of  15  us. 

The  substrate  was  severely  damaged. 

110- BR45-CM08C-0000 _ Figure  A-26  November  21  ,  1969 

This  boron  panel  was  coated  with  an  8-mil  micron  copper  powder  filled 
epoxy  paint  over  a  1-mil  prime  coat.  An  18  KV  discharge  was  directed 
to  this  coated  panel;  the  discharge  current  had  a  peak  of  43  KA  with 

a  duration  of  58  us  and  a  risetlme  of  18  Us. 

The  substrate  was  severely  damaged. 

111- FG31-SG12C-OQOO _ Figure  A-27  November  24,  1969 

A  No.  181  glass  fabric  saturated  with  silver  filled  epoxy  paint  was  inte¬ 
grally  bonded  to  this  flberglas  panel.  The  overall  thickness  of  the 
coating  was  12  mils.  An  18  KV  discharge  was  directed  to  the  coated  panel 
the  discharge  current  had  a  peak  of  90  KA  with  a  risetime  of  15  us  and 
a  duration  of  29  us. 


No  damage  to  the  control  panel  was  observed;  however,  the  silver-epoxy 
was  badly  burned. 


112- FG32-AE05C-0000 _ Figure  A-27  November  24.  1969 

This  fiberglas  panel  was  coated  with  a  5-mil  epoxy  paint  pigiaented 

with  45  weight  percent  of  99.9  percent  pure  aluminum  powder  over  a  1-mil 
prime  coat.  An  18  KV  discharge  was  directed  to  this  coated  panel;  the 
discharge  current  had  a  peak  of  90  KA  with  a  duration  nf  29  us  and  a 
risetime  of  15  us. 

No  damage  to  the  control  panel  was  observed. 

113- GP36-AF,05C-0000 _ Figure  A-27  November  24,  1969 

This  graphite  panel  was  coated  with  a  5-mll  epoxy  paint  pigmented  with 
45  weight  percent  of  99.9  percent  pure  aluminum  powder  over  a  1  mil 
prime  coat.  An  18  KV  discharge  was  initiated  to  this  coated  panel;  the 
discharge  current  had  a  peak  of  83  KA  with  a  duration  of  30  us  and  a 
risetime  of  15  us. 

;s 

The  substrate  was  severely  damaged. 

114- BR46-AE05C-0000 _ Figure  A-27  November  24.  1969 

This  boron  panel  was  coated  with  a  5-mil  epoxy  paint  pigmented  with 

45  percent,  by  weight,  of  99.9  percent  pure  aluminum  powder  over  a  1-mil 
prime  coat.  An  18  KV  discharge  was  directed  to  this  coated  panel;  the 
discharge  current  had  a  peak  of  83  KA  with  a  duration  of  31  us  and  a 
rise time  of  16  us. 

The  substrate  was  severely  damaged. 

115- GP37-NIO‘-iC-0000 _ Figure  A-27  December  lb,  1969 

A  one-half  mil  nickel  foil  was  Integrally  bonded  to  this  graphite  panel 
with  no  undercoating.  A  17  KV  discharge  was  directed  to  this  coated 
panel;  the  discharge  current  had  a  peak  of  100  KA  with  a  risetime  of 

14  us  and  a  duration  of  28  us. 

Most  of  the  nickel  foil  was  either  vaporized  or  discolored.  The  front 
fiber  matrix  was  severely  burned;  however,  the  panel  was  not  punctured. 

116- BR47-NIO'-iC-0000 _ Figure  A-27  December  16,  1969 

A  one-half  mil  nickel  foil  was  integrally  bonded  to  this  boron  panel  with 
no  undercoating.  A  17  KV  discharge  was  directed  to  this  coated  panel; 
the  discharge  current  was  not  recorded  due  to  malfunction  of  the  oscil¬ 
loscope.  However,  from  the  results  of  the  previous  test,  the  current 
of  this  discharge  was  likely  to  be  100  KA  with  a  risetime  of  14  us  and 
a  duration  of  28  us. 

The  nickel  foil  was  almost  completely  vaporiz.ed,  but  no  visual  damage  to 
the  substrate  was  observed. 
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117- GP38-ME02C-0000 _ Figure  A-28  December  15,  1969 

This  graphite  panel  was  coated  with  a  2-mil  Aroldite  488E32  thermo¬ 
plastic  epoxy  paint  filled  with  50  percent  (by  weight)  Sterling  MTNS 
carbon  black;  no  undercoating  was  applied.  MTNS  is  a  thermal  carbon 
with  moderate  resistivity.  An  18  KV  discharge  was  directed  to  this 
crated  panel;  the  discharge  current  had  a  peak  of  89  KA  with  a 
risetime  of  14  us  and  a  duration  of  29  us. 

The  substrate  was  severely  damaged. 

118- BRlt8-AR0^*Z-0000 _ Figure  A-28  December  17,  1969 

BMS  5-29A,  type  2  adhesive,  was  used  to  bond  200  mesh  5056  aluminum  wire 
fabric  to  this  boron  panel  with  no  undercoating.  The  fabric  was  a 
twilled  weave  with  a  wire  diameter  of  2.1  mils.  An  18  KV  discharge  was 
directed  to  this  coated  panel;  the  discharge  current  had  a  peak  of  111 
KA  with  a  risetime  of  15  us  and  a  duration  of  26  us. 

.No  damage  to  the  substrate  was  observed. 

119- BR49-LK14C-0000 _ Figure  A-28  December  16,  1969 

This  boron  panel  was  coated  with  45  percent  (by  weight)  aluminum  tri- 

fluoride  (Al-F,)  in  Dow  Corning  92-009  silicone.  This  14-mil  coating 
i.  o 

was  applied  over  a  one-mil  prime  coat.  The  crowbar  switch  was  dis¬ 
connected  from  the  simulator;  a  20  KV  discharge  was  then  directed  to 
this  coated  panel,  but  the  underdamped  oscillatory  discharge  was  not 
recorded.  Compared  to  the  results  of  previous  tests,  it  was  estimated 
that  the  current  was  approximately  50  KA  for  this  test. 

Ihe  substrate  was  severely  damaged, 

120- GP39-LK14C-000Q _ Figure  A-28  December  16,  1969 

This  graphite  panel  was  coated  with  45  percent  (by  weight)  aluminum 

trifluoride  (Al.F.)  in  Dow  Coming  92-009  silicone.  This  14-mll  coating 
2  6 

was  applied  over  a  one-mil  prime  coat.  A  20  KV  discharge  was  directed 
to  this  coated  panel;  the  discharge  current  had  a  peak  of  87  KA  with 
a  risetime  of  15  US  and  a  duration  of  32  us. 

The  substrate  was  severely  damaged. 

121- GP40-SG12C-0000 _ Figure  A-28  December  16,  1969 

A  i81E  glass  fabric  Impregnated  with  silver  filled  epoxy  was  integrally 
bonded  to  this  graphite  panel  to  provide  a  12-mil  coating;  no  unc.er- 
coating  was  applied.  A  20  KV  discharge  was  directed  to  this  coated 
panel;  the  discharge  current  had  a  peak  of  97  KA  with  a  risetime  of 

14  us  and  a  duration  of  28  us . 

N'o  visual  damage  to  the  substrate  was  observed;  however,  the  epoxy- 
natrix  was  discolored.  The  glass  fabric  was  partly  delaminated  from  tl;e 
substrate . 
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122- BR50-SG12C-000Q _ Figure  A-28  December  17.  1969 

A  181E  glass  fabric  Impregnated  with  silver  filled  epoxy  was  Integrally 
bonded  to  this  boron  panel  to  provide  a  12-mll  coating;  no  undercoating 
was  applied.  An  18  KV  discharge  was  initiated  to  this  coated  panel; 
the  discharge  current  had  a  ieak  of  95  KA  with  a  risetime  of 

16  us  and  a  duration  of  28  us. 

The  coating  was  discolored  and  wrinkled;  the  back  side  of  the  substrate 
was  slightly  cracked  and  a  possible  collision  mark  between  the  discharge 
probe  and  front  surface  was  observed. 

123- FG33-AROAZ-OOQO _ Figure  A-29  December  17,  1969 

BMS  5-29A,  type  2  adhesive  was  used  to  bond  200  mesh  5056  aluminum  wire 
fabric  to  this  fiberglas  panel  with  no  undercoatlng .  The  fabric  was  a 
twilled  weave  with  a  wire  diameter  of  2.1  mil.  A  16  KV  discharge  was 
directed  to  this  coated  panel;  the  peak  current  was  102  KA  with  a 
risetime  of  14  us  and  a  duration  of  26  us. 

I 

No  damage  to  the  control  panel  was  observed. 

124- GP41-AR04Z-0000 _ Figure  A-29  December  17,  1969 

BMS  5-29A,  type  2  adhesive  was  used  to  bond  200  mesh  5056  aluminum  wire 
fabric  to  this  graphite  panel  with  no  undercoatlng.  The  fabric  was  a 
twilled  weaye  with  a  wire  diameter  of  2.1-mll.  A  17  KV  discharge  was 
directed  to  this  coated  panel;  the  peak  current  was  107  KA  with  a 
rlsetlmc  of  14  us  and  a  duration  of  26  us . 

No  damage  to  the  substrate  was  observed. 

125- BR51-ME02C-0000 _ Figure  A-29  December  17.  1969 

This  boron  panel  was  coated  with  a  2-inil  epoxy  filled  50  percent  (by 
weight)  sterling  tJIHS  carbon  black.  Ho  undercoating  was  applied.  fTTtJS  is 
a  thermal  carbon  with  moderate  resistivity.  An  18  K\'  discharge  was 
initiated  to  this  ccated  panel;  the  peak  current  was  39  ITV  with  a  rise 
time  of  16  us  and  a  duration  of  52  us  . 


The  substrate  was  severely  damaged,  most  of  the  coating  bubbled. 

126-FG34-AE07C-0000 _ Figure  A-29  December  17,  1969 

This  fiberglas  panel  was  coated  with  325  mesh  aluminum  powder  (99.9 
percent  purity)  sandwiched  between  an  epoxy  primer  and  an  EPON  1001  top 
coat  for  a  total  thickness  of  7  mils.  The  crowbar  switch  was  dis¬ 
connected  from  the  simulator;  the  20  KV  discharge  as  directed  to  this 
coated  panel  yielded  an  underdamped  oscillatory  discharge  with  a  peak 
current  of  105  KA  and  a  ringing  frequency  of  23  kHz. 

No  damage  to  the  control  panel  was  observed;  however,  the  coating  was 
badly  melted. 
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12  7-FG35-CEQ8C-0000 _ Figure  A- 29  December  17.  1969 

This  flberglas  panel  was  coated  with  approximately  300  mesh,  99.9  per¬ 
cent  purity  copper  powder  sandwiched  between  an  epoxy  primer  and  an  EPON 
1001  top  coat  for  an  8-mll  total  thickness.  The  capacitor  bank,  due  to 
the  extremely  high  impedance  of  the  coating,  failed  to  discharge  even 
at  a  25  KV  charged  voltage;  however,  streamer  type  arcs  were  Intensively 
radially  discharged. 

No  damage  to  the  coated  panel  was  observed;  however,  the  coating  was 
burned  and  wrinkled. 

128- BR52-CE09C-0000 _ Figure  A-29  December  17,  1969 

This  boron  panel  was  coated  with  approximately  300  mesh,  99.9  percent 
purity  copper  powder  sandwiched  between  an  epoxy  primer  and  an  EPON  1001 
top  coat  for  a  9-mll  total  thickness.  A  25  KV  discharge  was  directed 

to  this  coated  panel;  the  discharge  current  had  a  peak  of  72  KA  with  a 
risetime  of  16  uS  and  a  duration  of  52  Us. 

The  substrate  was  severely  damaged  and  the  coating  was  badly  melted. 

129- C-P'-;2-CEllC-00Q0  Figure  A-30  December  18,  1969 

This  graphite  panel  was  coated  with  approximately  300  mesh  99.9  percent 
purity  copper  powder  sandwiched  between  an  epoxy  primer  and  an  EPON  1001 
top  coat  for  a  total  thickness  of  11  mils.  A  25  KV  discharge  was  initi¬ 
ated  to  this  coated  panel;  the  discharge  current  had  a  peak  of  122  KA 
with  a  risetime  of  IS  us  and  a  duration  of  33  us. 

The  substrate  was  severely  damaged. 

130- GP43-CE09C-KF03  Figure  A-30  December  18,  1969 

Copper  powder  sandwiched  between  an  epoxy  primer  and  an  EPON  1001  top 

coat  was  coated  on  this  graphite  panel  over  a  3-mil  Kapton  film  under- 
coating.  A  25  KV  discharge  was  directed  to  this  9-mll  coating;  the 
discharge  current  had  a  peak  of  122  KA  with  a  risetime  of  15  us  and  a 
duration  of  33  us. 

The  substrate  was  damaged  at  the  edges  only. 

131- GP44-AE10C-000Q _ Figure  A-30  December  18,  1969 

This  graphite  panel  was  coated  with  325  mesh  99.9  percent  purified 
aluminum  powder  sandwiched  between  an  epoxy  primer  and  an  EPON  1001 
top  coat  for  a  total  thickness  of  10  mils.  A  17  KV  discharge  was 
directed  to  this  coated  panel;  the  discharge  current  had  a  peak  of  84  KA 
with  a  risetime  of  14  us  and  a  duration  of  31  us. 

The  substrate  was  severely  damaged. 
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132- BR53-A.E12C-0Q00 _ Figure  A- 30  December  18,  1969 

This  boron  panel  was  coated  with  325  mesh  99.9  percent  purified  aluminum 
powder  sandwiched  between  an  epoxy  primer  and  an  EPON  1001  top  coat  for 
a  total  thickness  of  12  mils.  A  17  KV  discharge  was  directed  to  this 
coated  panel;  the  peak  current  was  A8  KA  with  a  risetime  of  18  'js  and 

a  duration  of  54  Us. 

The  substrate  was  severely  damaged  and  the  coating  was  badly  melted. 

133- FG36-AR16W-00Q0 _ Figure  A- 30  January  5,  1970 

This  fiberglas  panel  was  coated  with  60  mesh  5056  aluminum  fabric. 

No  undercoating  was  applied.  The  aluminum  fabric  was  a  twilled  weave 
utilizing  8-mil  diameter  wire  and  bonded  to  the  fiberglas  panel  with 
BMS  5-29A  type  2  adhesive.  The  total  thickness  of  the  coating  was 
about  16  mils.  A  16  K.V  discharge  was  directed  to  this  coated  panel; 
the  discharge  current  had  a  peak  of  104  KA  with  a  risetime  of 
13  „s  and  a  duration  of  26  Us. 

No  damage  to  the  control  panel  was  observed. 

134- BR54-AR16W-00Q0 _ Figure  A-30  January  5.  19  70 

This  boron  panel  as  coated  with  60  mesh  5056  aluminum  fabric.  No 
undercoating  was  applied.  The  aluminum  fabric  was  a  twilled  weave 
utilizing  S-mil  diameter  wire  and  bonded  to  this  boron  panel  with  BMS 
5-29A  type  2  adhesive.  The  total  thickness  of  the  coating  was  about 

16  mils.  Two  16  KV  discharges  were  directed  to  this  coated  panel.  The 
first  discharge  was  crowbarred  at  the  time  of  the  peak  current  due  to 
the  early  triggered  ignition.  The  second  discharge  had  a  peak  current 
of  104  KA  with  a  risetime  of  15  _s  and  a  duration  of  26  ys . 

No  damage  to  the  substrate  from  either  discharge  was  observed. 

135- GP45-AR16U'-0000 _ Figure  A-31  January  6.  19  70 

A  ]6  mil-60-mesh  5056  aluminum  fabric  was  adhesively  bonded  to  this 
graphite  panel  with  BMS  5-29A  type  2  adhesive.  No  undercoating  was 
applied.  The  fabric  was  a  twilled  weave  utilizing  8-mil  diameter  wire. 

A  16  KV  discharge  was  initiated  to  this  coated  panel;  the  discharge 
current  had  a  peak  of  105  KA  with  a  risetime  of  15  us  and  a  duration 

of  26  us . 

No  visible  damage  to  the  substrate  was  observed. 

136- FG37-ARlbP-0000 _ Figure  A-31  January  6,  1970 

This  fiberglas  panel  was  partially  covered  with  60  mesh  5056  aluminum 

fabric.  No  undercoating  was  applied  Tne  fabric,  a  twilled  weave 

utilizing  8-rail  diameter  wire,  was  adhesively  bonded  to  the  test  panel 
in  the  following  manners:  i-inch  wide  strip  on  the  four  sides  and  1/2 
inch  wide  strip  at  the  center  along  the  12-inch  dimension  direction. 


233 


A  17  KV  discharge  was  directed  to  this  coated  panel;  the  discharge 
current  had  a  peak  of  106  KA  with  a  rlsetlme  of  15  us  and  a  duration 
of  28  us. 

No  damage  to  the  control  panel  was  observed;  the  center  strip  was 
vaporized. 

137-GPA6-AR16P-OOOQ  Figure  A-31  January  6,  1970 

This  graphite  panel  was  partially  covered  with  60  mesh  5056  aluminum 
fabric.  No  undercoating  was  applied.  The  fabric,  a  twilled  weave 
utilizing  8-mll  diameter  wire,  was  adhesively  bonded  to  the  test  panel 
in  the  following  manner:  1-inch  wide  strip  on  the  four  sides  and  1/2 
incli  wide  strip  at  the  center  along  the  12-inch  dimension  direction. 

A  17  KV  discharge  was  directed  to  this  coated  panel;  the  discharge 
current  had  a  peak  of  106  KA  with  a  risetime  of  13  us  and  a  duration 
of  25  US. 


The  front  surface  of  the  substrate  was  badly  burned.  The  center  strip 
was  vaporized. 

13B-BR55-AR16P-QOOO  Figure  A-31  January  6 ■  1970 

This  boron  panel  was  partially  covered  with  60  mesh  5056  alur.inum 
fabric.  No  undercoating  was  applied.  The  fabric,  a  twilled  weave 
utilizing  8-mii  diameter  wire,  was  adhesively  bonded  to  the  test  panel 
In  the  following  manner:  1-lnch  wide  strip  along  the  four  sides  and  a 
1/2  Inch  strip  at  the  center  along  the  12-lnch  dimension  direction. 

A  17  KV  discharge  was  directed  to  this  coated  panel;  t)ie  discharge 
current  had  a  peak  of  106  KA  with  a  risetime  of  15  ps  and  a  duratl('n 
of  2  7  ,!S  . 

N;i  damage  to  Che  substrate  was  observed.  Toe  center  strip  was  vapi^rized. 

I  39-GP47-QP07(:-0000 _ Fi  gurc  A- 3 1  January  6,  1970 

Ibis  graphite  panel  was  coated  with  a  7-mil  Araldite  A88E32  thermoplastic- 
epoxy  p.iint  filled  with  aluminum  powder  and  MTNS  carbon  black.  No  under- 
c.oacing  wa.s  applied.  The  aluminum  powder  is  325  mesh  99.9  percent  purity 
the  MINS  carbon  black  is  a  thermal  carbon  with  a  moderate  resistivity. 

■An  18  KV  discharge  was  directed  to  this  coated  panel;  lIic  discharge 
current  liad  a  peak  of  9  7  K,A  with  a  ri.sctime  of  15  os  and  .a  duration 
of  29  ,,s  . 

Tiie  substrate  was  severely  damaged. 

1  Figure  A-31  January  6,  19  7i) 

Tills  graphite  panel  was  coated  wltii  a  6-mil  Araldite  A88K32  tlie rmopl as t i  c 
epoxy  paint  which  was  filled  with  325  mesli,  99.9  percent  pure  aluminum 
powder  and  MINS  carbon  hjack,  a  tiiermal  carbon  with  a  moderate  resisti¬ 
vity.  A  5-mil  undercoat  of  45  percent  boron  nitride  in  the  same  epoxy 
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was  employed.  An  18  KV  discharge  was  directed  to  this  coated  panel;  the 
discharge  current  had  a  peak  of  93  KA  with  a  risetime  of  15  '^s  and  a 
duration  of  29  us  . 

The  substrate  was  severely  damaged. 

141- GP49-XE12C-0000 _ Figure  A-32  January  6,  19  70 

This  graphite  panel  was  coated  with  Araldite  epoxy  paint  filled  with  MTNS 
carbon  black,  a  thermal  carbon  with  a  moderate  resistivity.  Then  the 
coating  was  hand  sprinkled  with  lithium  chloride.  The  total  coating 
thickness  was  11.6  mils.  An  18  KV  discharger  was  directed  to  this 
coated  panel;  the  discharge  current  was  93  KA  with  a  risetime  of 

14  us  and  a  duration  of  28  us . 

The  substrate  was  severely  damaged  and  the  coating  surface  was  found  wet. 

142- GP50-YE09C-BN03 _ Figure  A-32  January  6,  1970 

This  graphite  panel  was  coated  with  a  9  mil  Araldite  488E32  thermo¬ 
plastic  epoxy  paint  which  was  filled  with  aluminum  trifluoride  and  MTNS 
carbon  black,  a  thermal  carbon  with  a  moderate  resistivity.  A  3-mil 
undercoat  of  boron  nitride  filled  epoxy  was  used.  An  18  KV  discharge 
was  directed  to  this  coated  panel;  the  discharge  current  had  a  peak  of 
93  KA  with  a  risecime  of  14  us  and  a  duration  of  28  us. 

The  substrate  was  severely  damaged. 

143- BR56-.\F.11C-0000 _ Figure  A-32  January  6,  1970 

This  boron  panel  was  coated  with  Araldite  thermoplastic  epoxy  paint 
filled  with  IfTNS  carbon  black;  a  thermal  carbon  with  a  moderate  resis¬ 
tivity.  Then  the  coating  was  hand  sprinkJed  with  li..hiu!ri  chloride. 

The  total  coating  thickness  was  11  mils.  An  18  KV  discharge  was 
directed  to  this  coated  panel;  the  discharge  current  had  a  peak  of 
47.5  KA  with  a  risetime  of  17  us  and  a  duration  of  32  us. 

The  panel  was  severely  damaged.  The  coating  was  badly  burned. 

144- BR57-QE07C-0000 _ Figure  A-32  January  7,  19  70 

This  boron  panel  was  coated  with  a  7-mil  Araldite  488F.32  thermoplastic 
epoxy  paint  filled  with  aluminum  and  carbon  black.  No  undercoating  was 
applied.  The  aluminum  was  325  mesh  99.9  percent  purified  powder,  and 
the  carbon  was  MTNS  carbon  black,  a  thermal  carbon  with  a  moderate 
resistivity.  An  18  KV  discharge  was  directed  to  this  coated  panel; 

the  discharge  current  was  82  KA  with  a  risetime  of  18  us  and  a  duration 
of  33  us. 

The  substrate  was  severely  damaged  and  the  coating  was  badly  burned. 
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145- BR58-QE06C-BN05  _ Figure  A-32  January  7,  1970 

This  boron  panel  was  coated  with  a  6-mll  Araldlte  488E32  thermoplastic 
epoxy  paint  which  was  filled  with  325  mesh  99.9  percent  pure  aluminum 
powder  and  MTNS  carbon  black,  a  thermal  carbon  with  a  moderate  resistivity. 
A  3-mil  boron  nitride  filled  epoxy  undercoating  was  employed.  An  18  KV 
discharge  was  directed  to  this  panel;  the  discharge  current  had  a  peak 

of  75  KA  with  a  risetime  of  21  us  and  a  duration  of  35  cs . 

The  substrate  was  severely  damaged  and  cracked. 

146- BR59-YE09C-BN03 _ Figure  A-32  January  7,  19  70 

This  boron  panel  was  coated  with  a  9-mil  Araldite  488F.32  thermoplastic 
epoxy  paint  which  was  loaded  with  aluminum  trifluoride  and  MTNS  carbon 
black,  a  thermal  carbon  with  a  moderate  resistivity.  A  3-mil  boron 
nitride  filled  epoxy  undercoat  was  applied.  An  18  KV  discharge  was 
directed  to  this  coated  panel;  the  discharge  current  had  a  peak  of 

42  KA  with  a  risetime  of  17  us  and  a  duration  of  52  us. 

The  substrate  was  severely  damaged  and  the  coating  was  badly  deteriorated. 

14 7- FG38-QEQ 7C-0000 _ Figure  A-33  January  7,  1970 

This  fiberglas  panel  was  coated  with  a  7-mil  Araldite  488E32  thermo¬ 

plastic  epoxy  paint  filled  with  aluminum  and  carbon.  No  undercoating 

was  applied.  The  aluminum  was  325  mesh  99.9  percent  purified  powder,  and 
the  carbon  was  MTNS  carbon  black,  a  thermal  carbon  with  a  moderate  resis¬ 
tivity.  An  18  KV  discharge  was  directed  to  this  coated  panel;  the 
discharge  current  had  a  peak  of  94  KA  with  a  risetime  of  16  us  and  a 
duration  of  30  us , 

No  damage  to  the  control  panel  was  observed;  however,  the  coating  was 
badly  deteriorated. 

148- FG39-YE09C-BN0 3  Figure  A-’J3  January  7,  1970 

Tills  fiberglas  panel  was  coated  with  a  9-mil  Araldite  488E32  thermo¬ 

plastic  epoxy  paint  which  was  loaded  with  aluminum  tri fluoride  and  MTNS 
carbon  black,  a  thermal  carbon  with  a  moderate  resistivity.  A  3-mil  boron 
nitride  filled  epoxy  undercoat  was  applied.  An  18  KV  discharge  was 
directed  to  this  coated  panel;  the  discharge  current  waveform  was  not 
recorded,  however,  it  was  estimated  to  be  90  KA  with  a  duration  28  .is . 

No  damage  to  the  control  panel  was  observed. 

149- FGA0-QFO6C-HNO5 _ Figure  A-33  January  7,  19  70 

This  fiberglas  panel  was  coated  with  a  6-mil  Araldite  488K32  thermo¬ 

plastic  epoxy  paint  which  was  filled  with  325  mesh  99.9  percent  pure 
aluninun  powder  and  MTNS  carbon  black,  a  thermal  carbon  with  a  moderate 
resistivity.  A  5-mll  boron  nitride  filled  epoxv  undercoat  was  employed. 
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An  18  KV  discharge  was  directed  to  this  coated  panel;  the  discharge 
current  had  a  peak  of  97  KA  with  a  risetime  of  15  and  a  duration 
of  28  PS. 

No  damage  to  the  control  panel  was  observed. 

150- FG41-XE11C-0000 _ Figure  A- 3 3  January  7,  19  70 

This  fiberglas  panel  was  coated  with  Araldlte  thermoplastic  epoxy  paint 
filled  with  MTNS  carbon  black,  a  thermal  carbon  witl)  a  moderate  resis¬ 
tivity.  Then  the  undercoating  was  hand  sprinkled  with  lithium  chloride. 
The  total  coating  thickness  was  11  mils.  An  18  KV  discharge  was  directed 
to  this  coated  panel;  the  discharge  current  waveform  was  not  recorded, 
however,  it  was  estimated  to  be  90  KA  with  a  duration  of  28  os. 

No  damage  to  the  control  panel  was  observed. 

151- BR60-00000-ALCO _ Figure  A-33  January  7,  1970 

This  was  a  composite  sandwich  panel.  A  one-half  inch  thick  aluminum 
honeycomb  core  was  bonded  between  a  fiberglas  panel  and  a  boron  panel. 

An  18  KV  discharge  was  initiated  to  the  boron  substrate  side;  the 
discharge  current  had  a  peak  of  108  KA  with  a  risetime  of  15  ps  and 

a  duration  of  28  ps . 

The  boron  substrate  was  punctured  and  a  large  area  of  honeycomb  core 
under  the  discharge  probe  was  vaporized. 

152- GP51-QQOOO-ALCQ _ Figure  A-33  January  7,  19  70 

This  was  a  composite  sandwich  panel.  A  one-half  inch  aluminum  honey¬ 
comb  core  was  bonded  between  a  fiberglas  panel  and  a  graphite  panel. 

An  18  KV  discharge  was  directed  to  the  graphite  substrate  side;  the 
discharge  current  has  a  peak  of  110  KA  with  a  risetime  of  15  ..s  and 

a  duration  of  28  ps. 

The  front  surface  of  the  grapliite  substrate  was  burned  but  not 
punctured. 

153- FG39-00000-ALCO _ Figure  A- 34  January  8,  19  70 

This  was  a  composite  sandwich  panel.  A  one-half  inch  aluminum  honey¬ 
comb  core  was  bonded  between  two  fiberglas  panels.  The  crowbar  switch 
was  disconnected  from  the  simulator.  A  30  KV  underdamped  oscillatory 
discharge  was  directed  to  the  honeycomb  core  where  a  one-half  inch 
diameter  hole  was  cut  on  fiberglas  panel.  It  was  found  that  the 
dielectric  strength  of  tb.e  1/lC-inch  thick  fiberglas  will  prevent  a  3C  ICV 
discharge.  The  oscillatory  discharge  had  a  pealt  of  158  Kj\  with  a  ring 
frequency  of  20  kHz. 

The  two  fiberglas  panels  were  separated  from  the  honeycomb  core  and 
a  roughly  5-lnch  diameter  hole  was  open  on  the  honeycomb  core. 
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15U-GP?2-li'101C~0Q00  Figure  A-35  February  25»  1970 

This  graphite  panel  was  coated  with  a  1-rail  nickel  foil;  no  undercoating 
was  applied.  A  14.5  KV  discharge  was  initiated  to  this  test  panel;  the 
discharge  current  had  a  peak  of  105  KA  with  a  risetime  of  14  and  a 
duration  of  27  ys. 

The  front  surface  of  the  graphite  substrate  was  slightly  charred.  The 
size  of  a  burned  off  area  of  the  nickel  foil  was  comparable  to  that 
of  the  previously  tested  one  mil  aluminum  foil. 

155-BR61-UEQ5C-Q000 _ Figure  A-35  February  25,  1970 

This  boron  panel  was  coated  with  a  5-mll  EPON  1001  epoxy  paint  filled 
with  XC-72,  a  iiighly  conductive  carbon  black  powder.  No  other  under- 
coating  was  applied.  A  16.5  KV  discharge  was  directed  to  this  coated 
panel.  The  current  waveform  was  not  recorded  due  to  a  malfunction  of 
the  oscilloscope;  however,  the  current  was  estimated  to  be  50  KA  with 
a  duration  of  50  us. 


The  substrate  was  severely  damaged. 


156-BR6  2-UE0  5C-KF01 _ Figure  A-35 

This  boron  panel  was  coated  with  a  5-mil  EPON 
with  XC-72,  a  highly  conductive  carbon  black, 
over  an  underlayer  of  a  one-mil  Kapron  film, 
directed  to  this  coated  panel.  The  discharge 
50  KA  with  a  duration  of  50  us. 


February  25,  1970 
1001  epoxy  paint  filled 
This  coating  was  applied 
rt  17  KV  discharge  was 
current  had  a  peak  of 


The  substrate  was  severely  damaged. 

157-BR6  3-l'E05T-KF01 _ Figure  A-35  February  25,  1970 

This  boron  panel  with  an  undercoating  of  a  1-mil  Kapton  film  was  coated 
with  a  5-nil  EPON  1001  epoxy  paint  filled  with  XC-72,  a  highly  conductive 
carbon  black  powder,  in  addition,  two  aluminum  diverter  strips  were 
also  attached  to  the  12-inch  dimension  edges.  A  17  KV  discharge  was 
directed  to  this  coated  panel;  the  discharge  had  a  peak  current  of 
90  KA  with  a  risetime  of  20  us  and  a  duration  of  38  us. 


The  substrate  was  severely  damaged. 

158-GP5  3-iJE05T-KF0 1 _ Figure  A-35  February  25,  1970 

This  graphite  panel  with  an  undercoating  of  a  1-mil  Kapton  film  was 
coated  with  a  5-mil  EPON  1001  epoxy  paint  loaded  with  XC-72,  a  highly 
conductive  carbon  black  powder;  also,  two  aluminum  diverter  strips  were 
bonded  to  the  12-lnch  dimension  edges.  A  16  K\  discharge  was  directed 
to  this  coated  panel.  The  discharge  current  had  a  peak  of  100  KA 
with  a  risetime  of  13.5  ^.s  and  a  duration  of  26  us. 

The  substrate  was  severely  damaged. 
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159- ?G^3-UC05C-OOQO  Flfrure  A-35  February  26 .  1970 

ThlB  fiberglas  panel  was  coated  with  an  epoxy  paint  filled  with  XC-T2. 

The  oscillatory,  l6  KV  discharge  had  a  peak  current  of  120  tCA  with  a  ring 
frequency  of  3l*.5  fKt. 

lio  damge  to  the  panel  was  observed. 

160- 3R6Uje10C-B:<’06 _ Figure  A- 36 _ February  26.  1970 

A  lO-rdl  epox;,'  paint  filled  with  potassiur.  nitrate  (iu.T-  )  was  applied 
ever  or.  undercoating  of  a  O-rdl  epo.xy  filled  with  boron '^nitride  (Bil). 

/r.  l8  If.'  discharge  was  directed  to  this  panel.  ThiC  discharge  current  had 
a  peak  cf  50  FA.  witli  a  risetir.e  of  16  and  a  duration  of  52  kS. 

Tne  substrate  was  severely  danaged. 

lel-BR65-DE10C-}CrQl  Figure  A- 36  February  26.  19'^C 

This  boron  panel  was  coated  with  a  conposite  coating  syster  consisting 
cf  a  IC-nil  BPOiJ  1001  epoxii'  paint  filled  vrith  potassiun  nitrate 
rnd  on  undercoating  of  a  one-nil  rCapton  film.  An  18  i"/  discl.arge  was^ 
directed  to  this  panel.  Tlie  discharge  current  had  a  peak  of  FA  with  a 
risetine  of  iG  ,.s  end  a  duration  of  52  es . 

The  substrate  was  damaged;  however,  it  was  less  than  that  cf  the  previous 
panel  (No.  iGo). 

1G2-FC-^^-UE05T-OOCO  Firure  A-3G  Fobruarv  26..  1070 

This  fiberglas  panel  was  ccated  with  a  5-ril  EFC;!  1001  ercioy  pai:;t  fillec' 
with  XC-72.  !ic  undercoating  was  applied.  Tu'o  aiuninu*.  diverter  stripe  were 
attached  to  th.e  l.'^-iuoh  edge.s.  A  iG  -rv  disck.arge  was  directed  tc  thiic  panel. 
The  discliarge  current  i.ad  a  peai;  of  100  rA  with,  a  ring  frequency  of  25 .G 
ilic.  I.'o  dajT.age  to  thic  panel  was  observed. 

iGs-BF.G.c-Di^lCC-OCOO  Figure  A-3G  February  26.  1970 

Tiiis  boron  panel  was  coated  witl;  a  1C— rrdl  FFO!!  1001  epox;.’  paint  filled 
with  potassiun  nitrate  (rZiO  ).  k'o  undercoating  'was  applied.  A  iG  17,'  dis¬ 
charge  -was  directed  to  tl.is  par.el.  The  discharge  current  had  a  peak  cf 
50  ':'J\  '..'ith  f  risetine  of  15  us  and  a  duration  cf  5"-  us. 

T;Le  substrate  iras  severely  damaged. 

lLT-m:o7-b'EC5T-CCOO  Figure  A.- 36  Fcbr’aary  26.  IpiQ 

Tiiis  bere.n  panel  was  coated  with  a  5-nil  EPOil  1001  epox;.'  paint  filled  with 
>M-72,  Alur.ir.ur.  strips  wo:  e  attached  along  the  12-incki  edges  of  the  panel. 

/ji  18  1-7.’  oscillatory  discharge  v.-as  directed  tc  th.e  panel.  The  discharge 
current  had  a  peak  current  of  I'OO  .‘07  au'.d  a  ring  frequency  of  26.5  r31s. 

-he  .‘.uistrate  was  severely  damaged. 
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165- BR68-DEI0T-BN06 _ Figure  A- 36  February  26,  1970 

A  10-nll  EPON  1001  epox;/  paint  filled  with  potasaiur  nitrate  (K.'O.)  was 
applied  over  an  undercop.ting  of  a  6-nil  epox;.’  paint  filled  with  bOron 
nitride  (BH).  Alunlnur.  strips  were  attacl-.ed  to  the  panel  on  12-inch  edcen. 
ThtC  dischar/^e  current  had  a  peak  of  102  KA,  a  risetir.e  of  15  i.s,  and  a 
duration  of  20  us. 

I’he  substrate  x:as  severely  danaged. 

166- HR69-DE10T-Q0OO _ Figure  A-37  February  26.  197Q 

This  boron  panel  was  coated  with  a  lU-r.il  iTO!;  1001  epoxj-  paint  filled 
with  potassiur.  nitrate  (JCIO  ).  Alurdn-ar.  strips  were  alno  attached  to  the 
12-inch  edges.  An  iC  KV'  discharge  was  directed  to  this  coated  panel.  I’Jie 
discharge  ourre.nt  had  a  peak  of  110  K/\  \:ith  a  risetino  c'  and  a 

d'iration  or  20  uS. 

The  subsirace  was  severely  danaged. 

167- BR7U-L)E10T-KFni _ Figure  A-J7  February  2b.  19  70 

Inis  boron  panel  was  ^'oated  wldi  a  10-mil  EPo..  1001  epoxy  paint  filled 
with  potassium  nitrate  (KSO^)  over  an  undercoating  of  a  1-mIl  Kapton 
film.  Two  alumUiun  diverte*  strips  were  attached  to  the  12-lnch 

edges.  A  17  17.'  discharge  was  directed  tc  tliis  panel.  Th.e  discharge  current 
i'.ad  a  peal;  of  10^  vir.li  a  risetine  of  13  ,.s  and  a  duration  of  27  i-s. 

So  visible  damage  to  Llie  substrate  was  observed;  the  hole  punctured  on 
tile  left  side  was  probably  caused  by  the  collision  of  the  panel  to  the 
Molding  bracket.  A  surface  flasli  over  pattern  was  shewn. 

168- CJPS;-i;K0  5C-KFa:  Figure  A- 37  February  26.  1970 

A  :-nll  EPOS  1001  opoxy  paint  filled  with  XC-72,  a  highly  conductive 
carbon  black,  was  coated  over  an  unde rcoac  1  ng  of  a  l-n-ll  K.ipton  film 
to  tlii.s  graplilt.e  substrate.  A  16  RV  disohi3’'ge  was  directed  tc  this 
.'cated  pane).  The  discharge  current  had  a  peak  of  92  KA  with  a 
riseclme  of  17  is  and  a  duration  of  31  ,.s . 


lD9-dP55-l)F10C-Kr!ll 

graphite  panel  was 
V i th  potassium  nitrate 
fil-,.  A  17  KV  discharg 
(jiscliargf  had  a  peak  cu 
a  durat  i  on  ct  ib  .u- . 


Figure  A- 37  February  26^  197i ' 

coated  with  a  lO-mll  EPON  1001  epoxy  paint  tilled 
KNO^)  over  an  undrreoating  of  a  one-mil  Kapton 
was  directed  to  this  coated  panel.  The 
rent  of  bi  KA  with  a  risetime  of  16  ..s  and 


No  visible  damage  to  the  substrate  around  the  neighboring  area  of  the 
discharge  probe  was  observed;  however,  the  fibers  along  the  edge 
closest  to  the  discharge  probe  were  damaged  and  delaminated  as  the 
discharge  arc  was  forced  to  flash  over  tlie  coating  surface  and 
re-a:tached  to  the  closest  edge. 

170-GP56-UEQ5C-QOOO _ Figure  A-37  February  27,  19  70 

This  graphite  panel  with  no  undercoating  was  coated  with  a  5-mil  EPON 
1001  epoxy  paint  filled  with  XC-72,  a  highly  conductive  carbon  black. 

A  17  KV  discharge  was  directed  to  this  coated  panel.  Tlie  discharge 
current  had  a  peak  of  98  KA  with  a  risetime  of  16  cs  and  a  duration 
of  30  L.S  , 

The  substrate  was  severely  damaged 

17  1-GP5  7-DE1QC-0000 _ Figure  A-37  February  27.  1970 

This  graphite  panel  was  coated  with  a  lO-mil  KPON  1001  epoxy  paint 
filled  with  potassium  nitrate  (KNO.,);  no  undercoating  was  applied.  An 

18  KV  discharge  was  directed  to  this  coated  panel.  ITie  discharge  had 

a  peak  current  of  94  KA  with  a  risetime  of  16  .is  and  .»  duration  of  34  .;s. 

No  visible  damage  to  the  substrate  around  the  neighboring  area  of  the 
discharge  probe  was  observed;  however,  the  fibers  .along  the  edge  closest 
to  the  discharge  probe  were  damaged  and  delaminated  as  the  discharge  arc 
was  forced  to  flash  over  the  coating  surfav-e  and  re-attached  to  the 
closest  edge. 


172-GP58-UKi0C-BN'06 _ Figure  A- 38  February  27  ,  19  70 

A  compo.site  coating  system  consisted  of  a  10-ml  1  I'tON  1001  epoxy  paint 
filled  with  potassium  nitrate  (KNO.^)  and  an  undercoating  of  a  5.7-mil 
epoxy  paint  filled  with  boron  nitride  (BN)  was  applied  to  this  crs-phite 
panel.  A  17  KV  discharge  was  directed  to  this  coated  panel.  The 
discharge  current  had  a  peak  of  100  KA  with  a  risetime  of  15  cs  and 
a  duration  of  30  us . 

TTie  substrate  was  severely  damaged. 

17'j-GP59-DF10T-BN06  Figure  A- 38  February  _2_^  19  70 

A  compo.site  coating  system  consisted  of  diverter  strips,  a  surface 
.Dating,  and  an  undercoating  was  applied  to  th.is  [p-aphite  panel.  Tl’.e 
surface  coating  was  a  10-mil  EPON  1001  epvixy  paint  loaded  with 
potassium  nitrate  (KNO  ) ,  the  undercoating  was  a  6-mil  epoxy  paint 
filled  with  boron  nitride  (BN),  and  two  diverter  strips  attaciied  to 
the  I 2- inch  dimension  edges.  A  17  KV  discharge  was  directed  to  this 
coated  panel,  the  discharge  current  h.ad  a  peak  of  104  KA  with  a 
risetime  of  15  .s  and  a  duration  of  29  us. 


Tile  -iihs  trace  was  severely  damaged. 


174- GP60-DE1OT-KFO 1  Figure  A-38  February  27,  1970 

A  10-mil  EPON  1001  epoxy  paint  filled  with  potassiusn  nitrate  (KNO^)  over 
an  undercoating  of  a  1-mil  Kapton  film  was  applied  to  this  graphite  nanel. 
In  addition,  two  aluminum  diverter  strips  were  attached  to  the  12-inch 
dimension  edges.  A  lo.5  KV  discharge  was  directed  to  this  coated  panel; 
the  discharge  current  had  a  peak  of  100  KA  with  a  risetime  of 
20  .js  and  a  duration  ot  32  „s , 

No  visible  damage  to  the  substrate  was  observed.  A  surface  flashover 
pattern  was  shown. 

1 75- GP6  1-DElOT-OOOO _ Figure  A- 38  February  27,  19  70 

Ihis  graphite  panel  was  coated  with  a  lO-mil  EPON  lOOl  epoxy  paint 
filled  with  potassium  nitrate  (KNO^) :  no  undercoating  was  applied.  Two 
aluminum  diverter  strips  were  attached  to  the  12-inch  dimension  edges. 

A  17  KV  discharge  was  directed  to  this  coated  panel;  the  discharge 
current  had  a  peak,  of  103  KA  with  a  risetime  of  15  ,js  and  a  duration  of 
28  .s. 

The  substrate  was  severely  damaged. 

1 76- GP62-l'F,0 5T-0000 _ Figure  A- 38  Feb r uary  27  ,  19  70 

This  graphite  panel  with  no  undercoating  was  coated  with  a  5-mil  FPON 
1001  epojc/  paint  filled  with.  XC-72,  a  highly  conductive  carbon  black. . 

Two  aluminum  diverter  strips  were  attached  to  the  12-inch  dimension 
edges.  A  17  KV  discharge  was  directed  to  this  coated  panel;  the 
discharge  current  had  a  peak  of  98  KA  with  a  risetime  of  14  ..s  and 

a  durac  ion  of  27  ..s  . 

T!ie  substrate  was  severely  damaged. 

177- GP63-OOQOO-ALCO  Figure  A-38  March  24,  1970 

Tl'.is  alurdnum  honeycomb  cere  sandwich  panel  had  an  uncoated  graphite 
fiber  reinforced  plastic  face  sheet.  Tlie  other  face  sheet  ’.,’as  a  glass 
fabric  reinforced  epoxj'  lar.inate.  A  15  iG,'  discharge  was  directed  to  this 
composite  test  panel.  Hie  disci.arge  current  l.ad  a  peal,  of  106  1G\  with  a 
risetine  of  12  us  and  a  duratio.n  of  22  us. 

The  graphite  substrate  was  severely  damaged;  a  square  hole  of  roughly 
1'2  inch  dimension  was  punctured  on  the  graphite  substrate  and  honey¬ 
comb  core  was  partially  burned;  however,  no  explosive  type  damage  due 
to  vaporized  aluminum  core  was  observed. 
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178- BR71-CW02P-0000  Figure  A- 39  ^  March  24,  1970 

niin  copper  wires  were  adlieslvely  bonded  to  thin  boron  panel  in  a  1-inch 
nesh.  A  l6  KV  discharce  v&s  directed  to  this  panel.  The  discharge  current 
liad  a  peak  of  70  KA  with  a  risetime  of  20  s  and  a  duration  of  32  s. 

The  substrate  was  severely  damaged. 

179- FrA5-CW02P-Q000  Figure  A- 39  March  ?.U ,  1970 

This  fiberglas  panel  was  coated  with  thin  copper  wires  in  a  1-inch  mesli. 

A  15  72.’  discharge  was  directed  to  this  panel.  The  discharge  current  had  a 
peak  of  100  KA  with  a  risetime  of  13  s  and  a  duration  of  23  s. 

lio  visible  damage  to  this  panel  was  observed. 

180- BR72-KFQ1C-ALCQ _ Figure  A- 39  March  24,  19  70 

This  alurdnum  honeycomb  core  sandwich  panel  had  an  uncoated  boron  filament 
reinforced  plastic  face  sheet.  The  other  face  sheet  was  a  glass  fabric 
reinforced  epoxy  laminate.  Discharge  was  directed  toward  the  boron  face 
sheet.  A  15  IC.'  discliarge  was  directed  to  this  test  panel;  the  discharge 
current  had  a  peak  of  100  K/v  with  a  risetime  of  13  us  and  a  duration 
of  27  us. 

The  boron  substrate  was  slightly  pitted  and  punctured  with  snail  holes , 
the  aliorlnuir.  honeycomb  core  was  partially  burned.  Ho  explosive  tjnie  damage 
due  to  vaporized  aluminum  core  was  observed. 

181- GP64-L'E0  7T-KFQ3 _ Figure  A- 39  March  24,  1970 

A  composite  coating  system  of  diverter  strips,  a  surface  coating,  and  an 
undercoating  was  coated  to  this  graphite  panel.  The  undercoating  was  a 
3-inil  Kapton  film  and  tlie  surface  coating  was  a  T-mil  epoxy  paint  filled 
with  XC-72 ,  a  highly  conductive  carbon  black.  Two  aluminum  diverter  strips 
were  attached  to  the  12-inch  edges.  A  15  ^7V  discharge  was  directed  to  this 
coated  panel.  The  discharge  current  had  a  peak  of  lOU  KA  with  a  risetime  of 
12  ,:s  and  a  duration  of  22  js . 

182- BR73-UEO 7T-KF03 _ Figure  A- 39  March  25,  1970 

This  boron  panel  with  a  3-niil  Kapton  film  undercoating  was  coated  with 

a  T-mil  epoxy  paint  filled  with  XC-72,  a  highly  conductive  carbon  black. 

Two  aluminum  di'verter  strips  were  attached  to  the  12-inch  edges.  A  15  K\' 
discharge  was  directed  to  this  coated  panel,  the  discharge  had  a  peak  of 
100  KA  with  a  risetime  of  12  us  emd  a  diu’aticn  of  30  us. 


F  fgurt*  A  ~39 
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No  visible  damage  to  the  substrate  was  observed  except  for  a  crack  on 
the  left  side.  This  crack  was  probably  caused  by  the  mounting  frame 
as  Che  shockwave  pushed  the  test  panel  inward.  A  surface  clashover 
pattern  was  shown. 

18'1-GP65-ZK06T-KF01 _ Figure  A- 39  March  25  ,  1970 

This  graphite  panel  was  coated  with  a  composite  coating  system  con¬ 
sisting  of  diverter  strips,  a  surface  coating  of  a  6-mil  epoxy  loaded 
with  magnesium  nitrate  (MgfNO^)  over  an  undercoating  of  a  1-mil 

Kapcon  film;  the  aluminum  diverter  strips  were  attached  Co  the  12-inch 
dimension  edges.  A  15  KV  discharge  was  directed  to  this  coated  panel. 
The  discharge  had  a  peak  current  of  92  KA  with  a  risecime  of  13  „s 
and  a  duration  of  28  „s. 

No  visible  damage  to  the  substrate  was  observed  except  for  a  crack  on 
the  edge.  This  crack  was  probably  caused  b;'  the  nountinp  frame  as 
the  shock  wave  pushed  the  test  panel  inward.  A  surface  flashover 
pattern  was  shown. 

184- KR74-ZFQ6T-KF01 _ Figure  A-40  March  25,  1970 

This  boron  panel  was  coated  with  a  composite  coating  system  consisting 
of  diverter  scrips,  a  surface  coating  of  a  6-mil  epoxy  paint  filled 
with  magnesium  nitrate  ( Mg (NO^) t . 6H^0)  over  an  undercoating  of  a  1-mil 

Kapton  film;  tne  two  aluminum  diverter  scrips  were  attached  to  the 
12-inch  dimension  edges.  A  15  KV  discharge  was  directed  to  this 
coated  panel.  The  discharge  current  had  a  peak  of  100  KA  with  a 
ri.-etime  of  12  _s  and  a  duration  of  25  ^s . 

No  visible  damage  to  the  substrate  was  observed;  a  surface  flashover 
pattern  was  shown. 

185- GP66-PE14T-KF01 _ Figure  A-40  March  25,  1970 

ii-.e  graphite  panel  was  coated  with  a  13. 3-mil  epoxy  paint  filled  with 
potassium  sulfate  (K  SO,)  over  an  undercoating  of  a  1-miil  Kapton  film. 

L  *4 

Two  aluminum  diverter  strips  were  attached  to  the  12-inch  dimension 
edges.  A  15  KV  discharge  was  directed  to  this  coated  panel;  the 
discharge  current  had  a  peak  of  112  KS  with  a  risetime  of 
12  :.s  and  a  duration  of  21  -s. 

No  damage  to  the  substrate  was  observed.  A  surface  flashover  pattern 
■.•.•a.s  sl-.own. 
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186- BR75-DE10T-F.P11  Figure  A-40  March  25.  19  70 

The  boron  panel  primarily  coated  with  an  ll-mil  epoxy  paint  and  top- 
coated  with  a  10-mil  potassium  nitrate  (KNO^)  loaded  epoxy  paint.  Two 
aluminum  diverter  strips  were  then  bonded  to  the  12-inc.h  dimension  edges, 
i  15  K.V  discharge  was  directed  to  this  coated  panel;  the  current  waveform 
was  not  recorded  due  to  a  malfunction  of  the  oscilloscope,  liowever,  the 
discharge  current  was  estimated  to  be  85  KA  with  a  duration  of  30  iS, 

No  visible  damage  to  the  substrate  was  observed.  A  surface  flashover 
pattern  was  shown. 

187- GP67-UE10T-EP11 _ Figure  A- 40  March  24,  1970 

This  graphite  panel  was  coated  with  a  iO-mil  epoxy  paint  filled  with 
potassium  nitrate  (KNO^)  over  an  underlayer  of  an  11-mil  epoxy  paint. 

Two  aluminum  diverter  strips  were  attached  to  the  coated  panel  on 
both  edges  along  the  12-inch  dimension.  A  15  KV  discharge  was 
directed  to  this  coated  panel;  the  discharge  current  had  a  peak  of 
90  KA  with  a  risetime  of  15  js  and  a  duration  of  30  ;.s. 

No  visible  damage  to  the  substrate  was  observed. 

188- GP68-DF.0 5T-KF0I _ Figure  A-AO  March  25,  1970 

This  graphite  panel  was  coated  with  a  5-mil  epoxy  paint  filled  with 
potassium  nitrate  (KNO^)  over  an  undercoating  of  a  1-mil  Kapton  film. 

Two  aluminum  diverter  strips  were  adhesively  bonded  to  this  coated 
panel  on  both  edges  along  the  12-inch  dimension.  A  15  KV  discharge 
was  directed  to  this  coated  panel;  the  discharge  current  had  a  peak 

of  94  KA  with  a  risetime  of  12  is  and  a  duration  of  26  ..s  . 

The  substrate  was  severely  damaged. 

189- BR76-DB05T-KF01  Figure  A-40 

This  boron  panel  was  coated  with  a  5-mll  epoxy  paint  filled  with 
potassium  nitrate  (KNO^)  over  an  undercoating  of  a  1-mil  Kapton  film. 

Two  aluminum  diverter  strips  were  adhesively  bonded  to  this  coated 
panel  on  both  edges  along  the  12-inch  dimension.  A  15  KV  discharge 
was  directed  to  this  test  panel;  the  discharge  current  had  a  peak 
of  93  KA  with  a  risetime  of  11  us  and  a  duration  of  25  .;s  . 

No  visible  damage  to  the  substrate  was  observed.  A  definite  flash- 

over  pattern  was  shown. 

190- aR77-DE07T-KF01  Figure  A-41  March  26,  1970 

Ihis  boron  panel  was  coated  with  a  '-mil  epoxy  paint  filled  with  potas¬ 
sium  nitrate  (KNO,)  over  a  1-mil  Kapton  film  undercoating.  Two  aluminum 
diverter  strips  were  adhesively  bonded  to  this  coated  panel  on  both 
edges  along  the  12-inch  dimension.  No  discharge  can  be  initiated  to 
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CO  chid  Cest  sample  ac  20  KV  for  a  3/16-inch  gap;  however,  a  discharge 
was  direcCed  aC  18  K.V  wich  a  gap  of  1/16  inch.  The  discharge  had  a 
peak  current  of  108  KA  with  a  risetine  of  11  ..s  and  a  duracion  of  29  .,s . 

No  visible  damage  Co  che  substrate  was  observed.  A  flashover  pattern 
and  a  Crack  of  a  burned  paint  were  shown. 

191- GP69-DE0  71-K:F0I  Figure  A-41  March  26,  1970 

This  graphite  panel  was  coated  witli  a  7-inil  epoxy  paint  filled  with 
potassium  nitrate  (KNO^)  over  a  1-mil  Kapton  film  unde rcoac ing .  Two 
aluminum  diverter  strips  were  attached  to  both  edges  along  the  12-inch 
dimension.  No  discharge  can  be  initiated  at  20  KV  and  a  3/16  inch  gap; 
however,  a  discharge  of  103  KA  with  a  risetime  of  12  ..s  and  a  duration 
of  23  as  was  directed  to  this  test  sample  at  13  KV  with  a  gap  of 

1.'16  inch. 

No  visible  damage  to  che  substrate  was  observed.  A  burned  track  of 
paint  was  shown. 

192- BR78-PE19I-KF01  Figure  A-41  March  26,  1970 

This  boron  panel  was  coated  wich  a  13.5-mil  epoxy  paint  filled  with 
potassium  sulfate  (K^SO,)  over  a  1-mil  Kapton  film  undercoacing .  Two 
aluminum  diverter  strips  were  c.dhesively  bonded  to  both  edges  along 
che  12-inoh  dimension.  A  15  KV  discharge  was  directed  to  this  coated 
panel;  the  discharge  current  had  a  peak  of  98  KA  with  a  risetime  of 
12  ,.s  and  a  duracion  of  26  .:s  . 

No  visible  damage  to  the  substrate  was  observed.  A  burned  off  strip 
coating  was  shown. 

19  3-GP70-SW08P-0Q00 _ Figui e  A-41  April  10,  1970 

This  graphite  panel  was  coacea  with  knitted  wire  fabric  which  had  a 
3.5-mil  diameter  silver  plated  orass  wire.  No  underlayer  was  applied. 
Two  IS  KV  discharges  were  directed  to  this  coated  panel;  the  discharge 
current  liad  a  peak  of  90  KA  with  a  risetime  of  11  ,.s  and  a  duracion  of 
2  5  os. 

ii'ie  wire  fabric  was  peeled  oft  tlie  substrate  in  botli  cases,  and  the 
front  surface  of  che  substrate  was  charred  and  partially  delaminated. 

19  4-BR79-SW08P-0000  _ Figure  A-41  April  10,  19  70 

!his  boron  panel  was  coated  with  knitted  wire  fabric  which  had  a  3.5- 
r.i  1  diameter  silver  placed  brass  wire.  No  underlayer  was  applied.  A 
16  KV  discharge  was  directed  to  this  coated  panel;  the  discharge  was 
not  recorded  due  to  the  early  triggered  oscilloscope;  however,  it  was 
estimated  to  be  a  100  KA  wich  a  duration  of  25  ..s . 

Tne  fabric  was  largely  vaporized  and  a  few  small  burned  narks  were 
•observed  on  the  substrate. 
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195-BR80-VA05C-AFC1  ■  Figure  A-41  Apr  !  I ^ .  19  70 

A  1-mll  aluminum  foil  topcoated  with  a  S-mil  Dynacryl  aery’- i. 
paint  was  applied  to  this  boron  panel.  A  15  KV  discharge  vas  directed 
to  this  coated  panel;  the  discharge  had  a  peak  of  108  KA  with  a  duration 
of  20  ps, 

A  crack  on  the  substrate  was  observed. 


196- CP71-VA05C-AF01  -  Figure  A-A2  April  10.  1970 

A  l-mil  aluminum  foil  topcoated  with  a  5-mil  Dynacryl  acrylic  paint 
was  applied  to  this  graphite  panai.  A  15  KV  discharge  was  directed  to 

this  coated  panel;  the  discharge  had  a  peak  current  of  106  KA  with 

a  duration  of  20  us. 

The  front  surface  of  the  substrate  was  slightly  burned. 

197- GP72-UE08T-KF01  Figure  A-42  April  10.  1970 

This  graphite  panel  was  first  coated  with  a  l-mil  Kapton  film  and 
two  aluminum  diverter  strips  were  bonded  to  both  edges  along  the 
12-lnch  dimension.  An  8  mil  epoxy  paint  filled  with  potassium  nitrate 
(KNO,)  then  topcoated  this  panel.  A  15  KV  discharge  was  directed  to 
this^coated  panel;  the  discharge  current  had  a  peak  of  110  KA  with  a 
duration  of  20  ps . 

No  visible  damage  to  the  substrate  was  observed  except  for  a  slightly 
burned  surface  on  the  left  side. 

198- r,P73-DEllT-EP05 _ Figure  A-42  April  13,  19  70 

This  graphite  panel  was  coated  with  a  11.2-mil  potassium  nitrate 
(KNO^)  filled  epoxy  paint  over  an  undercoating  of  a  4,8-mil  clear 
epoxy  paint.  Two  Aluminum  diverter  strips  were  attached  to  both 
edges  along  the  12-inch  dimension.  A  15  KV  discharge  was  directed  to 
thi‘.  coated  panel;  die  discharge  had  a  peak  current  of  94  KA  with  a 
risetime  of  12  .,s  and  a  duration  of  24  ps . 

The  substrate  was  severely  damaged. 

199- BR81-DE08T-KF01 _ Figure  A-42  April  13,  1970 

This  boron  panel  was  coated  with  an  8-mil  potassium  nitrate  (KNO^) 

filled  epoxy  paint  over  a  l-mil  Kapton  film  undercoating.  Two  aluminum 
diverter  strips  were  bonded  to  the  12-inch  dimension  edges.  A  25  KV 
discharge  was  directed  to  this  coated  panel;  tlie  discharge  had  a 
peak  current  of  180  KA  with  a  risetime  of  12  ..s  and  a  duration  of  22  i.s . 

No  visible  damage  to  the  substrate  was  observed. 
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200- BR82-DE11T-EI05 _ Figure  A-A2  April  13.  1970  ' 

This  boron  panel  was  coated  with  a  11.2-mil  potassium  nitrate  (KNO^) 
filled  epoxy  paint  over  an  undercoating  of  a  4.8-mil  clear  epoxy 
paint.  Two  aluminum  strips  were  bonded  to  the  12-inch  dimension  edges, 

A  15  KV  discharge  was  directed  to  this  coated  panel; _the  discharge 
current  was  not  recorded,  however,  it  was  estimated  to  be  a  90  KA  wit^" 
a  duration  of  25  us. 

No  visible  damage  to  the  substrate  was  observed.  A  flashover  pattern 
was  shown. 

201- GP74-EP10T-KF01 _ -jgure  A-42  April  13,  19  7'" 

This  graphite  panel  was  coated  with  a  10-mil  EPON  1001  epoxy  paint  over 
a  1-mil  Kapron  film  undercoating.  Two  aluminum  strips  were  bonded  to 
the  12-lnch  dimension  edges.  A  15  KV  discharge  with  the  crowbar  switch 
disconnected  was  directed  to  this  coated  panel;  the  current  had  a  peak 
of  110  KA  with  a  ring  frequency  of  40  kHz. 

No  visible  damage  to  the  substrate  was  observed.  A  flashover  pattern 
was  shown. 

20  2-BR83-EP10T-KF01 _ Figure  A-43  April  13,  1970 

This  boron  panel  was  coated  with  a  10-mil  EPON  1001  epoxy  paint  over  a 
1-mil  Kapton  film  undercoating.  Two  aluminum  strips  were  attached  to 
Che  12-inch  dimension  edges.  A  15  KV  discharge  was  directed  to  this 
coated  panel;  the  discharge  had  a  peak  current  of  94  KA  with  a 
risetime  of  11  us  and  a  duration  of  24  ..s . 

.■io  visible  damage  to  Che  substrate  was  observed.  A  flashover  pattern 
was  shown. 

203- FG46-DE10C-0000 

204- FG47-DE10C-BN06 

205- FG48-DE10T-0000 
205-FG49-DE10T-BN06 

These  four  fiberglas  panels  were  coated  with  different  coatings  and 
no  discharge  could  be  initiated  to  these  panels  at  a  voltage  of  21  KV 
and  a  gap  of  1/16  inch. 

The  coatings  used  were: 

1.  A  10-mil  potassium  nitrate  (KNO_)  filled  epoxy  paint  for  Panel 
No.  20  3. 

2.  A  10-mil  potassium  nitrate  filled  epoxy  paint  over  an  undercoating 
of  a  6-mll  boron  nitride  (BN)  filled  epoxy  paint  for  Panel  No.  204. 

3.  A  10-mil  potassium  nitrate  filled  epoxy  paint  bonded  with  two 
aluminum  strips  along  the  12-lnch  dimension  edges  for  Panel  No.  205. 

4.  The  same  coating  system  a.s  the  above  one  plus  an  undercoating  of  a 
6-mil  boron  nitride  filled  epoxy  paint  for  Panel  No.  206. 
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207- GP75-AD08E-0000 _ Figure  A-44  May  18,  19  70 

This  graphite  panel  was  coated  with  aluminum  knitted  wire  mesh  having 
a  wire  diameter  of  4  mils  and  a  mesh  density  of  13  x  24  per  inch.  The 
mesh  was  applied  to  one  entire  surface  of  the  substrate  and  impregnated 
with  an  epoxy  resin,  BMS  5-29;  no  undercoating  was  applied.  A  17  KV 
discharge  was  directed  to  this  coated  panel,  the  discharge  had  a  peak 
current  of  90  KA  with  a  duration  of  22  us  and  a  risetime  of  10  us . 

The  front  few  layers  of  the  graphite  substrate  were  locally  burned; 
however,  no  puncture  was  observed. 

208- GP76-AD16b-KF01  Figure  A-44  May  18._197g 

This  graphite  panel  was  coated  with  alum.inum  knitted  wire  mesh  over  a 
1-mil  Kapton  film  undercoating.  The  mesh,  having  a  wire  diameter  of 
8  mils  and  a  mesh  density  of  5  x  9  per  inch,  was  bonded  to  the  Kapton 
film  with  an  epoxy  resin,  BMS  5-29.  A  19  KV  discharge  was  directed  to 
this  coated  panel;  the  discharge  had  a  peak  current  of  103  KA  with  a 
flsetime  of  10  ps  and  a  duration  of  21  us. 

The  front  few  layers  of  the  substrate  were  badly  burned,  and  a  surface 
riasho\er  was  also  shown. 


209-BR8A-AD08h:-KF01 _ Figure  A-44  May  1&_,^  _l^0 

T|71s  boron  panel  was  coated  with  aluminum  knitted  wire  me.sh  over  a  1-mil 
Kapton  film  undercoating.  The  mesh,  having  a  wire  diameter  of  4  mils 
and  mesh  densitv  of  13  x  24  per  inch,  was  bonded  to  the  Kapton  film  with 
an  epoxy,  BMS  5-29.  A  19  KV  discharge  was  directed  to  this  coated  panel 
the  discharge  had  a  peak  current  of  90  KA  with  a  risetime  of  12  rs  and  a 
duration  of  2  3  ;,s . 


No  visible  damage  to  the  substrate  was  observed;  a  surface  flashover 
pattern  was  shown. 

2in-BR85-AD16B-0000  Figure  A-44  May  18,  1970 

This  boron  panel  was  coated  with  aluminum  knitted  wire  mesh,  having  a 
wire  diameter  of  8  mils  and  a  mesh  density  of  5  x  9  per  inch.  The  wire 
mesii  was  bonded  to  the  substrate  w'ith  an  epoxy,  HmS  5-29,  no  under 
coating  was  applied.  A  20  KV  discharge  was  directed  to  this  coated 
panel:  the  discharge  had  a  peak  current  of  103  KA  with  a  risetime  of 
10  ,.s  and  a  duration  of-  22  ,.s  . 

No  visible  damage  to  the  substrate  was  observed.  A  surface  flashover 
pattern  was  shown. 


211- BR86-AD12A-0000 _ Figure  A-4A  May  18.  1970 

This  boron  panel  was  coated  with  aluminum  knitted  wire  mesh  having  a 
wire  diameter  of  6  mils  and  a  mesh  density  of  6  x  11.  The  wire  mesh  va 
bonded  to  the  substrate  with  an  epoxy,  BMS  5-29;  no  undercoating  was 
applied.  A  20  KV  discharge  was  directed  to  this  coated  panel;  the 
discharge  had  a  peak  current  of  106  KA  with  a  risetime  of  11  ,iS  and  a 
duration  of  22  .,s. 

No  visible  damage  to  the  subst; ate  was  observed.  A  surface  flashcver 
pattern  was  shown. 

212- GP77-AD20B-KF01  Figure  A-A4  May  18,  1970 

This  graphite  panel  was  coated  with  aluminum  knitted  wire  mesh  over 

a  1-mil  Kapton  film  undercoating.  The  wire  mesh,  having  a  wire  diameter 
of  10  mils  and  mesh  density  of  5  x  9  per  inch,  was  bonded  to  the  Kapton 
film  with  an  epoxy  resin,  BMS  5-29.  A  20  KV  discharge  was  directed  to 
this  coated  panel;  the  discharge  had  a  peak  current  of  106  KA  with  a 
risetlme  of  10  ps  and  a  duration  of  21  us. 

The  front  few  layers  of  substrate  were  locally  burned, 

211-BR87-AD2OB-00Q0 _ Figure  A-A5  May  19,  19  70 

This  boron  panel  was  coated  with  aluminum  knitted  wire  mesh  having  a 
wire  diameter  of  10  mils  and  a  mesh  density  of  5  x  9  per  inch.  Tlie 
wire  mesh  was  bonded  to  the  substrate  with  BMS  5-29  epoxy,  and  no 
undercoating  was  applied. 

A  20  KV  discharge  was  directed  to  this  coated  panel,  the  discharge  had 
a  peak  current  of  100  KA  with  a  risetime  of  11  i.s  and  a  duration  of  22  i.s  . 
No  visible  damage  to  the  substrate  was  observed,  a  surface  flashover 
was  however  shown. 

214- GP78-AD12A-KF01 _ Figure  A-45  May  19,  19  70 

This  graphite  panel  was  coated  with  aluminum  knitted  wire  mesh  over  a 
1-mil  Kapton  film  undercoating.  The  wire  mesh  having  a  wire  diameter 
of  6  mils  and  a  mesh  density  of  6  x  11  was  bonded  to  the  Kapton  film 
with  BMS  5-29  epoxy. 

An  18.5  KV  discharge  was  directed  to  this  coated  panel,  the  discharge 
had  a  peak  current  of  98  KA  with  a  risetime  of  10  s  and  a  duration  of 
21  -.is .  The  front  surface  of  the  substrate  was  burned. 

215- GP79-AD12F-KF01  Figure  A-45  May  19,  1970 

I'his  graphite  panel  was  coated  witli  aluminuni  knitted  wire  mesh  over  a 
1-mil  Kapron  film  undercoating.  The  wire  mesh  having  a  wire  diameter 
of  6  mils  and  a  mesh  density  of  8  x  14  per  inch  was  bonded  to  the 
Kapton  film  with  BMS  5-29  epoxy. 
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A  19  KV  discharge  was  directed  to  this  coated  panel,  the  discharge 
!iad  a  peak  current  of  110  KA  with  a  risetime  of  10  ,.s  and  a  duration 
of  20  ,:S. 

The  front  surface  of  the  substrate  was  pitted  and  slightly  burned. 

216- BR88-AD12F-000Q  Figure  A-45  May  19.  1970 

This  boron  panel  was  coated  with  aluminum  knitted  wire  mesh  liaving  a 
wire  diameter  of  6  mils  and  a  mesh  density  of  8  x  14  per  inch.  The 
wire  mesh  was  bonded  Co  the  substrate  with  B.MS  5-29  epoxy,  and  no  under- 
coating  was  applied. 

A  20  KV  discharge  was  directed  to  this  coated  panel,  the  discharge  had  a 
peak  current  of  110  FA  with  a  risetim.e  of  11  i.s  and  a  duration  of  21  js  . 

N'o  visible  damage  to  the  substrate  was  observed,  a  surface  flasiiover 
was  shown. 

217- BR89-A.M04H-0000 _ Figure  A-45  June  10,  19  70 

This  boron  panel  was  coa''-d  wi  t!i  Knitted  I'onel  wire  fabric  whicli  l.aJ 

a  wire  diameter  of  2  mils  and  a  mesh  density  of  22  x  40  per  inch.  The 
wire  fabric  was  bonded  Co  the  substrate  with  BMS  5-29  adhes-'ve;  no 
undercoacing  was  applied. 

An  18  KV  discharge  was  directed  to  this  panel,  the  discharge  had  a 

peak  current  of  88  KA  with  a  risetime  of  11  i.s  and  a  duration  of  20  ;.s  . 

No  visible  damage  to  the  substrate  was  observed  except  for  a  small 
burned  mark. 

218- BR90-AD08E-0000 _ Figure  A-45  June  10,  1970 

Tills  boron  panel  was  coated  with  aluminum  knitted  wire  fabric  having  a 
wire  diameter  of  4  mils  and  a  mesh  density  of  15  x  24  per  inch.  The 
mesli  was  split  at  the  center  so  that  the  discharge  current  was  forced 
to  either  arc  over  the  gap  or  breakdown  the  boron  sheath.  Tlie  fabric 
was  bonded  to  the  substrate  with  HNS  5-29  adhesive;  no  undercoating  was 
applied. 

All  18  KV  discharge  was  directed  to  this  coated  panel,  the  current  had 

a  peak  of  65  KA  with  a  risetime  of  13  i.s  and  a  duration  of  26  us. 

No  visible  damage  to  the  substrate  was  observed,  a  surface  flashover 
pattern  was  shown. 
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219-GP80-AD08B-EP10 


Figure  A-40  June  16,  1970 

This  graphite  panel  was  coated  with  aluminum  knitted  wire  mesh  over  a 
10-mil  epoxy  undercoat Inp.  The  wire  mesh  had  a  wire  diameter  of  4  mils 
and  a  mesh  density  of  5  x  9  per  inch  and  was  integrally  bonded  to  the 
substrate . 

A  17  KV  discharge  was  directed  to  this  coat  ’  panel,  the  discharge  had 
a  peak  current  of  82  KA  with  a  risetime  of  11  as  and  a  duration  of  25  is. 
Tile  substrate  was  damaged  as  a  hole  was  punctured. 

220- BR91-AD08B-Q00Q  Figure  A-46  June  16,  1970 

This  boron  panel  was  coated  with  aluminum  knitted  wire  fabric  with  a 
mesli  density  of  5  x  9  per  inch  and  a  wire  diameter  of  4  rails.  The  mesh 
was  bonded  to  the  substrate  with  BMS  5-29  adhesive;  no  undercoating  was 
applied. 

Two  18  kV  disenarges  wer'  initiated  to  this  test  panel.  The  firs:  dis¬ 
charge  had  a  peak  current  of  85  Ka  with  a  risetime  of  13  cs  and  a  dur¬ 
ation  of  25  .:s.  No  visible  damage  to  the  substrate  was  observed; 
tiowever,  it  was  found  from  the  next  shot  that  the  integrity  of  the 
surface  coating  was  Impaired. 

ihe  second  shot  had  a  peak  current  of  65  KA  with  a  risetime  of 
16  ;:s  and  a  duration  of  40  us.  The  front  surface  of  the  substrate  was 
slightly  burned  and  a  surface  flashover  was  shown;  howevsr  no  puncture 
was  observed. 

221- GP81-AD08G-EP10 _ Figure  A-46  June  16,  1970 

Tliis  graphite  panel  was  coated  with  aluminum  knitted  wire  mesh  which 
liad  a  wire  diameter  of  4  nils  and  a  mesh  density  of  10  x  18  per  inch. 

The  mesii  was  int*^grally  bonded  to  the  10  mil  epoxy  undercoating. 

A  19  KV  discharge  was  directed  to  this  coated  panel,  the  discharge  had 
a  peak  current  of  100  KA  with  a  risetine  of  11  i.s  and  a  duration  of  23  cs. 
The  .substrate  was  damaged  and  punctured  wi  cl>  some  small  holes. 

222- bR92-ADO8G-OQO0 _ Figure  A-46  June  16,  1970 

This  boron  panel  was  coated  v;ith  aluminum  knitted  wire  mesh  having  a 
mesh  density  of  10  x  18  per  inch  and  a  wire  diameter  of  4  mils.  The 
mesh  was  bonded  to  the  substrate  with  BMS  5-29  epoxy,  no  unc  ’coating 
was  applied. 

A  19  KV  discharge  was  directed  to  this  coated  panel,  the  discharge  had 
r.  peak  current  of  95  KA  with  a  risetime  of  11  ;.s  and  a  duration 
of  23  s.  No  visible  damage  to  the  substrate  -was  observed. 
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223- BR93-AD08F-0000 _ Figure  A-46  June  16,  1970 

This  boron  panel  was  coated  with  aluminum  knitted  wire  fabric  having  a 
wire  diameter  of  A  mils  and  a  mesh  density  of  8  x  14  per  inch.  The 
mesh  was  bonded  to  Che  substrate  with  BMS  5-29;  no  undercoatlng  was 
applied . 

A  19  KV  discharge  was  directed  to  this  coated  panel,  the  current  had 
a  peak  of  98  KA  with  a  risetime  of  11  us  and  a  duratlor.  fo  22  .s.  No 
visible  damage  to  the  substrate  was  observed. 

224- GP82-ADO8F-Q00U _ Figure  A-46  June  16,  1970 

This  graphite  panel  was  coated  with  aluminum  knitted  wire  fabric 
having  a  wire  diameter  of  4  mils  and  a  mesh  density  of  8  x  14  inch.  The 
mesh  was  bonded  to  the  substrated  with  BMS  5-29  epoxy;  no  undercoating 
was  applied. 

A  19  KV  discharge  was  initiated  Co  this  coated  panel,  the  discharge  had 
a  peak  current  of  100  KA  with  a  riseCime  of  11  ps  and  a  duration  of  22  ,.s . 
The  front  surface  of  the  substrate  was  charred.  The  coating  was  peeled 
off  the  substrate;  however,  no  puncture  was  observed. 

225- BR94-AR16W-0000 _ Figure  A-47  June  17,  1970 

This  boron  panel  was  coated  with  aluminum  woven  wire  fabric  having  a 
wire  diameter  of  8  mils  and  a  mesh  density  of  60  x  60  per  inch.  The 
fabric  was  applied  to  the  substrate  with  BMS  5-29  epoxjs  no  ur.der coating 
was  applied. 

Two  2-component  lightning  discharges  consisting  of  a  high  current 
component  and  a  high  coulo'b  component  were  directed  to  this  coated 
panel.  The  first  high  current  component  was  an  18  KV  discharge  to 
yield  a  peak  current  of  100  KA  and  was  immediately  followed  by  a  second 
high  coulomb  component  which  had  150  amp  for  1  second  and  240  amp  for 
1.5  second  respectively. 

The  aluminum  fabric  surface  coating  was  largely  vaporized  and  the  front 
surface  of  the  substrate  was  badly  burned;  however,  no  puncture  was 
observed  even  a  discoloration  hot  spot  ring  was  formed, 

226- GP83-AR042-0000 _ Figure  A-47  June  17,  19  70 

This  graphite  panel  was  coated  with  aluminum  woven  wire  fabric  having 
a  wire  diameter  of  2.1  mils  and  a  mesh  density  of  200  x  200  per  inch. 

The  mesh  was  bonded  to  the  substrate  with  BMS  5-29  epoxy;  no  under- 
cuaCing  was  applied. 

Two  two-component  lightning  strokes  were  Initiated  to  this  coated  panel. 
The  first  component  was  an  18  KV  discharge  and  was  immediately  followed 
by  a  second  high  coulomb  component  which  was  only  15  coulombs  at  a  150  amp 
for  100  .IS,  The  arc  was  extinguished  by  itself  due  to  the  liigii  impedar.ce 
of  the  coating. 

No  severe  damage  was  observed  to  the  substrate  as  a  result  of  tests. 
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227- CP84-AD08E-KF03 _ Figure  A-A7  June  17,  1^70 

This  graphite  panel  was  coated  with  aluminum  knitted  wire  mesh  over  a 
3-mil  Kapton  film  undercoating.  The  mesh  with  a  wire  diameter  of 

A  mils  and  a  mesh  density  of  13  x  24  was  bonded  to  the  substrate  with 
BMS  5-29  epoxy.  An  18  KV  oscillatory  discharge  was  directed  to  this 
coated  panel.  The  discharge  was  failed  to  be  recorded  due  to  the 
malfunction  of  the  oscilloscope.  However,  it  was  estimated  to  be  100  KA. 

No  visible  damage  to  the  neighboring  area  of  the  attachement  was 
observed;  however,  the  arc  was  flashed  over  the  surface  and  reattached 
to  the  edges  of  graphite  fibers. 

228- BR95-AF03P-Q000 _ Figure  A-47  '  June  23,  1970 

This  boron  panel  was  partially  coated  with  1-inch  wide,  3-mil  thick 
aluminum  tapes.  Three  tapes  were  along  the  12-inch  dimension  side  on 
both  edges  and  the  center  of  the  panel;  two  tapes  were  along  the  6-inch 
dimension  side  on  the  ends. 

A  27  KV  discharge  was  directed  to  this  test  panel,  the  discharge  had  a 
peak  current  of  170  KA  with  a  risetin.e  of  10  ijs  and  a  duration  of  19  ,.s . 
The  aluminum  tapes  were  almost  completely  vaporized  and  a  very  smoky 
surface  was  shown;  however,  no  visible  dam.age  to  the  substrate  was 
observed . 

229- GP85-AF0  3P-0000 _ Figure  A-47  June  23  ,  1970 

This  graphite  panel  was  coated  with  1-lnch  wide,  3-nil  thick  aluminum 
tapes.  Three  tapes  were  along  the  12-inch  dimension  side  on  both  edges 

and  the  center;  two  tapes  were  along  the  6-inch  dimension  on  both  ends. 

A  27  KV  discharge  was  initiated  to  this  coated  panel,  the  discharge  had 
a  peak  current  of  170  KA  with  a  risetime  of  10  uS  and  a  duration  of  19  ;,s. 
The  aluminum  tapes  were  almost  completely  vaporized  and  the  front  surface 
of  the  substrate  was  partially  charred;  liowever,  no  puncture  was  shown. 

230- GP86-CR04Z-0000 _ Figure  A-47  June  23  ,  19  70 

This  graphite  panel  was  coated  with  bronze  woven  wire  fabric  having  a 
wire  diameter  of  2.1  mils  and  a  mesh  density  of  200  x  200  per  inch.  The 
wire  fabric  was  bonded  to  the  substrate  with  BMS  5-29  epoxy  and  the  wire 
was  well  embedded  in  the  adhesive. 

A  27  KV  discharge  was  directed  to  this  coated  panel,  the  discharge  had  a 
peak  current  of  154  KA  with  a  risetime  of  10  ;s  and  a  duration  of  19  rs. 
The  surface  coatings  was  mostly  vaporized  and  a  small  area  of  charred 
surface  was  also  shown;  however,  no  puncture  was  shown. 
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231- BR96-CR04C-0000 _ Figure  A-48  June  23,  1970 

This  boron  panel  was  coated  with  bronze  woven  wire  fabric  having  a  wire 
diameter  of  2.1  mils  and  mesh  density  of  200  x  203  per  inch.  The  wire 
fabric  was  bonded  to  the  substrate  with  BMS  S-29  epoxy  and  embedded  well 
in  the  adliesive;  no  undercoating  was  applied. 

A  30  KV  discharge  was  directed  to  this  coated  panel.  The  discharge  had  a 
peak  current  of  170  KA  with  a  risetime  of  10  as  and  a  duration  of  20  ..s . 

No  visible  damage  to  the  substrate  was  observed.  A  surface  flashover  was 
shown . 

232- BR9 7-Al)08G-0000 _ Figure  A-48  June  23,  1970 

This  boron  panel  was  coated  with  alun.inu-m  knitted  wire  fabric  liaving 
a  wire  diameter  of  4  mils  and  a  mesh  density  of  10  x  18.  Tlie  wire 
nesli  was  bonded  to  the  substrate  with  BMS  5-29  epoxy;  no  undercoating 
was  applied. 

A  30  KV  discharge  was  directed  to  this  coated  panel,  the  discharge  liad 
a  peak  current  of  176  KA  with  a  risetime  of  10  cs  and  a  duration  of  19  iS. 
A  very  small  hole  was  punctured  and  some  minor  damage  was  observed.  A 
surface  flashover  was  also  shown. 

233- BR98-AR08X-0000 _ Figure  A-48  June  23,  19  70 

Tills  boron  panel  was  coated  with  aluminum  woven  wire  fabric  having  a 
wire  diameter  of  4  mils  and  a  mesh  density  of  120  x  120  per  inch.  Tlie 
wire  fabric  was  bonded  to  the  substrate  with  BMS  5-29  epoxv  ;  no  under- 
coating  was  applied. 

A  30  KV  discharge  was  applied  to  this  coated  panel.  T'ne  discharge  liud 

a  peak  current  of  200  KA  with  a  risetime  of  10  ..s  and  a  duration  of  40  s. 

No  visible  damage  was  observed.  . 

2  34-GP87-AR08.X-0000 _ Figure  A-48  June  2  3,  19  70 

This  graphite  panel  was  coated  with  aluminum  woven  wire  fabric  having  a 
wire  diameter  of  4  mils  and  a  mesh  density  of  120  x  120  per  inch.  Tlie 
vire  fabric  was  bonded  to  the  substrate  witli  BMC5-29  epoxy;  nc  under- 
coating  ’was  applied. 

A  27  KV  discharge  was  directed  to  this  coated  panel,  the  discharge  had 

a  peak  current  of  178  KA  with  a  risetime  of  10  s  and  a  duration  of  18  ,is . 

No  visible  damage  was  observed. 

235  -Ai.O  1-00000-0000 _ Figure  A-48  July  23,  19  70 

This  is  a  2024-T3  aluminum  panel  with  a  thickness  of  40  mils.  .A  28  KV 
discharge  was  directed  to  this  control  sample  and  the  discharge  current 
had  a  peak  current  of  215  KA  with  a  risetime  of  Ic  ,is  and  a  duration  of 
30  js. 
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235-BR99-ADO8G-Q0OO _ Figure  A-48  July  2  3,  19  70 

This  boron  panel  was  coated  with  aluttiinuin  knitted  wire  mesh  having  a 
wire  diameter  of  4  mils  and  a  mesh  density  of  10  x  18  per  inch.  The 
njesh  was  bonded  to  the  isubs trace  with  BMS  5-29  epoxy;  no  undercoac- 
ing  was  aitplied. 

A  28  KV  discharge  was  directed  to  this  coated  panel)  the  discharge 
current  had  a  peak  current  of  150  KA  with  a  risetime  of  11  us  rnd  a 
duration  of  23  „s .  The  substrate  was  punctured  with  a  small  hole. 

A  surface  flashover  was  also  shown. 

237- GP88-AI)08G-0000 _ Figure  A-49  July  23,  19  70 

This  graphite  panel  was  coated  with  aluminum  knitted  wire  fabric 
having  a  wire  diameter  of  4  mils  and  a  mesh  density  of  10  x  18. 

The  wire  mesh  was  integrally  bonded  substrate;  no  undercoating  was 
applied. 

A  30  KV  discharge  was  directed  to  this  coated  panel,  the  discharge 
current  had  a  peak  of  170  KA  with  a  risetime  of  11  ..s  and  a  duration 
of  23  ,^s .  The  front  surface  of  the  si'bstrate  was  severely  burned 
and  a  surface  flashover  was  also  shown;  however,  no  puncture  was  ob¬ 
served. 

238- BR00-AM04H-0000 _ Figure  A-49  .July  Xli. 

This  boron  panel  was  coated  with  knitted  woven  wire  fabric  having  a 
wire  diameter  of  2  mils  and  a  mesh  density  of  22  x  40.  The  wire 
mesh  was  bonded  to  the  substrate  with  BMS  5-29  epoxy,  no  undercoat¬ 
ing  was  applied. 

A  30  KV  discharge  was  directed  to  this  coated  panel,  the  discharge 
had  a  peak  current  of  165  KA  with  a  duration  of  24  -..s  and  a  rise¬ 
time  of  14  .JS .  A  small  hole  was  punctured. 

2  39-AL02-00000-0000 _ Figure  A-49  -luly  24,  19  70 

This  is  a  2024-T3  aluminum  panel  with  a  thickness  of  40  mils.  A 
two-component  lightning  stroke  was  directed  to  this  panel.  The 
first  high  current  component  was  a  100  KA  crest  and  the 
follow-on  second  component  was  1T5  atip  for  1.5  seconds  to  yield  a  total 
263  coulombs. 

A  hole  of  approximately  1-inch  diameter  was  observed. 

2.40-GF89-ALXI8X-0000  _ Figure  A-49  duly  24,  19  70 

This  graphite  panel  was  coated  with  aluminum  knitted  wire  fabric 
having  a  wire  diameter  of  4  mils  and  a  mesh  density  of  120  x  120 
per  inch.  Tlie  wire  fabric  was  integrally  bended  to  the  substrate  and  no 
u.ndercoating  was  applied. 

Two  discharges  were  directed  to  this  coated  panel.  Ttie  first  one 
was  175  amp  for  400  .:s ,  and  the  second  one  was  267  amp  for  1.5 
seconds  which  yielded  a  total  400  coulombs.  A  liole  was  burned 
through  Che  graphite  substrate  by  the  secoi.d  discharge. 
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241- BR01-AD08X-0000 _ FlRure  A-A9  July  24,  1970 

This  boron  panel  was  coated  with  knitted  alutninuni  wire  fabric  having  a 
wire  diameter  of  4  mils  and  a  mesh  density  of  120  x  120  per  inch.  The 
fabric  was  integrally  bonded  to  the  substrate. 

A  500  coulomb  (285  amp  for  1.75  seconds)  discharge  was  directed  to  this 
coated  panel.  A  1.5-inch  diameter  hole  was  observed. 

242- GP90-AF01/2C-0000  Figure  A-49  July  24.  1970 

A  one-half-mil  aluminum  foil  was  integrally  bonded  to  this  graphite 
panel  with  no  undercoating  applied. 

A  16  KV  discharge  was  directed  to  this  coated  panel,  the  discharge  had 
a  peak  current  of  100  KA  with  a  risetime  of  10  ..s  and  a  duration  of 
18  s.  Tile  substrate  was  damaged. 

243- BR02-AF01/2C-0000  Figure  A-5Q  July  24,  1970 

This  boron  panel  was  integrally  bonded  with  a  one-half-nil  aluminum 
foil.  No  undercoating  was  applied.  A  16  KV  discharge  was  directed  to 
this  coated  panel,  the  current  had  a  peak  current  of  100  KA  with  a  rise- 
time  of  10  ..s  and  a  duration  18  „s . 

The  substrate  was  slightly  damaged  within  a  very  small  area  as  opposite 
to  the  discharge  probe. 

244- GP91-FE0  3Y-0000 _ Figure  A- 50  July  24  .  1970 

This  graphite  panel  was  Integrally  bonded  with  stainless  steel  woven 
wire  fabric  which  had  a  wire  diameter  of  1.4-mil  and  a  mesh  density  of 
J25  X  325  per  inch.  No  undercoacing  was  applied. 

A  20  KV  discharge  was  directed  to  this  coated  panel,  the  current  had  a 
peak  current  of  100  KA  with  a  risetime  of  10  is  and  a  duration  of  20  ,.s . 

The  substrate  was  severely  burned. 

245- BR0  3-Fi:o  3V-0000 _ Figure  A- 50  July  24  ,  19  70 

Tills  boron  panel  was  coated  with  stainless  steel  woven  wire  fabric.  The 
fabric  with  a  wire  diameter  of  1.4  mils  and  a  mesh  density  of  325  x  325 
per  inch  was  integrally  bonded  to  the  substrate;  no  undercoating  was 
applied. 

A  20  KV  discharge  was  directed  to  this  coated  panel,  the  current  had  a 
peak  of  90  KA  with  a  risetime  of  10  -s  and  a  duration  of  24  us. 

The  substrate  was  slightly  damaged. 

2A6-GP9  2-CR0  7.\-0000 _ Figure  A- 50  August  17,  19  70 

ibis  graphite  panel  was  coated  with  bronze  woven  wire  fabric  which  had  a 
wire  diameter  of  3.5  mils  and  a  mesh  density  of  1  20  x  120  per  inch.  The 
wire  fabric  was  bonded  to  t!-.e  substrate  vith  Err5-29  adhesive,  and  no 
u.'-.dercoatinc  was  applied. 
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Two  2-component  lightning  strokes  with  the  first  l>igh  current  component 
of  approximately  100  KA  were  initiated  to  this  coated  panel.  The  first 
discharge  had  a  second  high  coulomb  component  of  213  coulomb  at  a  DC  of 
125  amp  for  1,7  seconds,  and  the  panel  was  severely  damaged.  The  second 
diacharge  vhicli  extinguished  itself  had  a  high  coulor.h  component  of 
only  22.5  coulombs  at  a  DC  of  95  amp  for  0,25  seconds;  the  substrate  was 
slightly  burned. 

24  7-GP9 3-AR16W-QOOO _ Figure  A- 50  August  17,  19  70 

This  graphite  panel  was  coated  with  aluminum  woven  wire  fabric  having  a 
wire  diameter  of  8  mils  and  a  mesh  density  of  60  x  60  per  inch.  The 
fabric  was  bonded  to  the  substrate  witfi  B*tS  5-29  adliesive,  and  no 
undercoat ing  was  applied. 

Two  2-component  lightning  strokes  with  a  high  current  component  of  120 
KA  were  directed  to  this  coated  panel.  The  first  discharge  had  a  DC 
level  of  85  amp  for  300  „s  and  the  second  discharge  had  a  DC  level  of 
125  amp  for  700  cs;  both  discharges  were  extinguished  by  themselves. 

The  second  discharge  yielded  a  severe  damage  to  the  substrate. 

2i8-BR0i-CR0  7C-0000 _ Figure  A-50  August  17,  1970 

This  boron  panel  was  coated  with  bronze  woven  wire  fabric  which  had  a 
wire  diameter  of  3.5  mils  and  a  mesh  density  of  120  x  120  per  inch. 

The  wire  fabric  was  bonded  to  the  substrate  with  B.MS  5-29  adhesive;  and 
no  undercoating  was  applied. 

Two  2-component  lightning  strokes  were  directed  to  this  coated  panel. 

Tlie  first  component  for  both  strokes  was  120  KA  at  a  15  KV  discharge, 
and  the  second  component  delivered  an  80  coulombs  and  a  60  coulombs  dis- 
cliarge  respectively  at  125  amp  for  640  ..s  and  150  amp  for  400  -s. 

No  visible  damage  to  the  substrate  was  observed. 

249-GP94-AR06C-KF03 _ Figure  A-51  August  ’3,  19  70 

This  graphite  panel  was  coated  with  aluminum  woven  wire  fabric  over  a 
3-mil  Kapcon  film  undercoating.  The  wire  fabric  with  a  wire  d’ameter  of 
3  mils  and  a  mesh  density  of  100  x  100  per  inch  was  integrally  bonded  to 
the  Kaptor.  film. 

Two  2-componenC  strokes  were  initiated  to  this  coated  panel.  T!ie  first 
component  for  both  strokes  was  100  KA,  and  the  second  coi  )nent  had  about 
42  coulombs  at  100  amp  for  420  os  and  133  amp  for  320  rs  respeC 1 vely . 

TTie  arc  was  extinguished  by  itself. 

The  surface  coating  was  severely  pitted,  but  no  damage  to  the  substrate 
was  observed. 
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250- BR05-AR06C-KF03 _ Figure  A-51  August  18.  1970 

Hiis  boron  panel  was  coated  with  aluminum  woven  wire  fabric  over  a  3-mil 
Kapton  film  undercoating.  The  fabric  with  a  wire  diameter  of  3  mils  and 
a  mesh  density  of  100  x  100  per  inch  was  Integrally  bonded  to  the  Kapton 
f  11m . 

An  artificial  lightning  stroke  with  a  high  current  component  of  120  KA 
at  15  KV  discharge  and  a  high  coulomb  component  of  150  amp  for  450  ..s 
was  directed  to  this  test  panel. 

The  surface  coating  was  severely  pitted,  but  no  damage  to  the  substrate 
was  observed.  It  was  found  that  the  3-mil  Kapton  film  undercoating  had 
greatly  reduced  the  induced  temperature  on  the  back  side  of  the  sub¬ 
strate  . 

251- GP9 5-AR04Z-0000 _ Figure  A-51  August  IB,  19  70 

Ihis  graphite  panel  was  coated  with  aluminum  woven  wire  fabric  having  a 
wire  diameter  of  2  mils  and  a  mesh  density  of  200  x  200  per  inch.  The 
wire  fabric  was  integrally  bonded  to  the  substrate  with  nc  undercoating. 
A  discharge  with  a  first  component  of  120  KA  at  15  KV  and  a  second  com¬ 
ponent  of  88  coulombs  at  192  amp  for  1.5  seconds  was  directed  to  this 
coated  panel.  The  substrate  was  severely  damaged. 

252- BR06-ARO42-00QO  Figure  A-51  August  18,  1970 

This  boron  panel  was  coated  with  aluminum  woven  wire  fabric  having  a 
wire  diameter  of  2  mils  and  a  mesh  density  of  200  x  200  per  inch.  The 
wire  fabric  was  iiiCeg.ally  bonded  to  the  substrate  with  no  undercoating. 
The  same  test  setup  as  the  last  one  for  the  previous  panel  was  used  for 
tills  test;  however,  the  discharge  current  was  only  75  amp  and  lasted 
only  330  ,.s  to  yield  a  total  of  25  coulombs. 

The  substrate  was  not  punctured;  however,  the  very  smoky  surface  showed 
tiiat  something  was  badly  burned. 

253- GP96-00O00-00OQ  Figure  A-51  August  20,  1970 

Ihis  was  the  first  12  inch  by  12  inch  size  panel  tested.  This  uncoated 
graphite  panel  was  tested  to  verify  the  test  setup  for  the  final  phase 
test  of  this  contract;  also,  to  find  out  how  much  damage  to  an  uncoated 
substrate. 

A  21  KV  discharge  was  directed  to  this  test  panel.  Tlie  current  was  150 
KA  with  a  risetime  of  12  us  and  a  duration  of  24  js . 

Tile  front  surface  of  the  substrate  was  hadly  burned. 

25^-BR0  7-l)K0  7C-KF01  Figure  A-52  Augi ist  20,  19  70 

This  boron  panel  was  tested  before  as  the  panel  190-887  7-Dliil  7T-KF'' 1 ; 
however,  tlie  diverter  strips  were  taken  away  for  the  present  test  panel. 
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A  17  KV  discharge  was  directed  to  this  coated  panel,  the  discharge 
current  had  a  peak  of  64  KA  with  a  risetime  of  23  os  and  a  duration  of 
40  os.  The  substrate  was  severely  damaged. 

255-BR08-DE11C-EP05 _ Figure  A-52  August  20,  19  70 

This  coated  boron  panel  was  previously  tested  with  the  panel  No.  200- 
BR83-DE11T-EP05;  however,  the  diverter  strips  were  taken  away  for  the 
present  test  panel. 

A  20  KV  discharge  was  directed  to  this  coated  panel,  the  discharge  had 
a  peak  current  of  110  KA  with  a  risetime  of  12  t-s  and  a  duration  of  24 

U  S  . 

The  substrate  was  severely  damaged. 

2  56-GP97-DE10C-EP11 _ Figure  A-52  August  20,  19  70 

This  coated  graphite  panel  was  previously  tested  with  the  Panel  No. 
187-GP67-DE10T-EP11;  however,  the  diverter  scrips  were  taken  off  for  the 
present  test  panel. 

A  20  KV  discharge  was  directed  to  this  coated  panel,  the  d’scharge  had 

a  peak  current  of  98  KA  with  a  risetime  of  11  .;s  and  a  duration  of  30 

iis. 

The  substrate  was  severely  damaged. 

257- BR09-DE10C-EP11 _ Figure  A-52  August  20,  1970 

This  panel  was  previously  tested  as  the  panel  no.  186-BR75-DE10T-EP11; 
however,  the  diverter  strips  were  taken  away  for  th:.s  test. 

A  20  KV  discharge  was  directed  to  this  panel,  the  discharge  had  a  peak 

current  of  90  KA  with  a  duration  of  38  us  and  a  risetime  of  15  i^s. 

The  substrate  was  severely  damaged. 

258- GP98-00000-0000 _ Figure  A-52  August  20,  19  70 

A  30  KV  discharge  was  directed  to  this  uncoated  graphite  panel;  the  dis¬ 
charge  had  a  peak  current  cf  184  KA  with  a  risetime  of  10  .s  and  a  dura¬ 
tion  of  21  ijs. 

The  substrate  was  badly  damaged. 

259- BRlO-OOOOO-OOOO  Figure  A-52  August  20,  1970 

A  30  KV  discharge  was  directed  to  this  uncoated  boron  panel  to  yield  a 
peak  current  of  175  KA  with  a  risetime  of  14  .is  and  a  duration  of  25  ls. 

The  panel  was  broken  and  damaged. 


I 


j 


i 
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260- GP99-AR04Z-0000 _ Figure  A-53  August  20.  1970 

This  graphite  panel  was  coated  with  aluminum  woven  wire  fabric  which  had 
a  wire  diameter  of  2  mils  and  a  mesh  density  of  200  x  200  per  inch.  The 
wire  fabric  was  integrally  bonded  to  the  substrate  with  no  ur.dercoacing. 

A  20  KV  discharge  was  directed  Co  this  coated  panel,  Che  current  nad  a 
peak  amplitude  of  200  kA  with  a  risetime  of  11  us  and  a  duration  of 

20  PS . 

No  visible  damage  to  the  substrate  was  observed,  and  a  surface  flashover 
pattern  was  shown. 

261- BR11-AR04Z-0000 _ Figure  A-53  August  20,  19  70 

This  boron  panel  was  coated  with  aluminum  woven  wire  fabric  with  no 
undercoating  applied.  The  wire  fabric  having  a  wire  diameter  of  2  mils 
and  a  mesh  density  of  200  x  200  per  inch  was  integrally  bonded  to  the 
substrate. 

A  30  KV  discharge  was  directed  to  this  coated  panel,  the  discharge  had 
a  peak  current  of  200  KA  with  a  risetime  of  11  ps  and  a  duration  of 

21  PS. 

The  surface  coating  was  partially  vaporized,  and  several  small  holes 
punctured  by  the  stroke  were  observed  on  the  substrate. 
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Coatings  and  coating  systems  were  developed  for  protection  of  boron  and 
graphite  fiber  reinforced  plastic  composites  from  structural  damage  by 
lightning  strikes.  The  effectiveness  of  the  protective  capability  of 
the  proposed  coating  systems  was  tested  with  an  artificial  lightning 
stroke  consisting  of  both  high  current  and  high  coulomb  components.  The 
primary  criterion  of  a  successful  coating  was  the  capability  of  a  test 
panel  to  sustain  a  simulated  lightning  discharge  without  structural  dam¬ 
age  to  the  composite  substrate. 


Numerous  coatings  or  coating  systems  have  been  developed  and  evaluated. 
They  can  be  classified  into  the  following  general  categories:  continu¬ 
ous  metal  foils;  woven  metal  wire  fabrics;  knitted  metal  wire  mesh; 
plasma  and  flame  sprayed  aluminum;  metal  pigmented  paints;  and  nonmetal- 
11c  pigmented  paints  with  or  without  undercoatings.  Several  coating 
systems  show  protective  capability  with  aluminum  knitted  wire  mesh  and 
aluminum  woven  wire  fabric  considered  to  be  the  most  promising  coatings. 
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